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Whether you realize it or not, we have witnessed the evolution 

of wireless communication technologies taking place in the last 

few decades. Services such as real-time video calls, which 

were originally accessible to TV reporters only, are now 

available for everyone. The tons of equipment previously 

required for establishing a video connection is now converged 

to a smartphone easily fitting our pocket. Moreover, the 

continuously developing high speed and low latency wireless 

networks enable new services such as self-driving cars and

the internet of things, which would be integrated into our daily lives in the nearest future.

The evolution of wireless communications is driven by advances in radio hardware technol-

ogies, which need to offer us high-performance, energy-efficient, compact, and cost-effec-

tive solutions. The above targets are feasible at an individual metric level but are very 

challenging in combination. This thesis presents a non-conventional design approach for 

efficient and high-performance millimeter-wave power amplifiers (PAs), which are critical 

components of modern wireless systems. The focus of this work is on silicon-based 

technologies allowing a high level of integration at a reasonable cost but traditionally 

providing insufficient output power and energy efficiency limited by conventional 

power-combining approaches. The latter problems have been partly overcome by the 

proposed PA architecture based on a new efficient power-combining solution. The work 

evaluates the performance and scalability bounds of the architecture as well as presents 

its optimization flow for achieving optimal system-level performance by accounting for 

various multiphysics effects. Moreover, the proposed architecture has been demonstrated 

through an example of the combined PA implemented in an advanced high-speed SiGe 

process from NXP Semiconductors, which is one of the main industrial partners of this 

work. The developed PA has a wideband performance with both high efficiency and high 
output power, which outperforms the state-of-the-art silicon-based PAs.

I believe that the techniques and ideas proposed in this thesis will play an important role in 

sustainable wireless systems where high-performance, low energy consumption, and cost 

efficiency are important requirements.
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Abstract
The continued demand for high-speed wireless communications is driving the develop-
ment of integrated high-power transmitters at millimeter wave (mm-Wave) frequen-
cies. Si-based technologies allow achieving a high level of integration, but usually
provide insufficient generated RF power to compensate for the increased propagation
and material losses at mm-Wave bands due to the relatively low breakdown voltage
of their devices. This problem can be reduced significantly if one could combine the
power of multiple active devices on each antenna element. However, conventional
on-chip power combining networks have inherently high insertion losses reducing
transmitter efficiency and limiting its maximum achievable output power.

This work presents a non-conventional design approach for mm-Wave Si-based
Watt-level power amplifiers that is based on novel power-combining architecture,
where an array of parallel custom PA-cells suited on the same chip is interfaced to
a single substrate integrated waveguide (to be a part of an antenna element). This
allows one to directly excite TEm0 waveguide modes with high power through spatial
power combining functionality, obviating the need for intermediate and potentially
lossy on-chip power combiners. The proposed solution offers wide impedance band-
width (50%) and low insertion losses (0.4 dB), which are virtually independent from
the number of interfaced PA-cells. The work evaluates the scalability bounds of the
architecture as well as discusses the critical effects of coupled non-identical PA-cells,
which are efficiently reduced by employing on-chip isolation load resistors.

The proposed architecture has been demonstrated through an example of the
combined PA with four differential cascode PA-cells suited on the same chip, which
is flip-chip interconnected to the combiner placed on a laminate. This design is
implemented in a 0.25 µm SiGe BiCMOS technology. The PA-cell has a wideband
performance (38.6%) with both high peak efficiency (30%) and high saturated output
power (24.9 dBm), which is the highest reported output power level obtained without
the use of circuit-level power combining in Si-based technologies at Ka-band. In order
to achieve the optimal system-level performance of the combined PA, an EM-circuit-
thermal optimization flow has been proposed, which accounts for various multiphysics
effects occurring in the joint structure. The final PA achieves the peak PAE of 26.7%
in combination with 30.8 dBm maximum saturated output power, which is the highest
achievable output power in practical applications, where the 50-Ω load is placed on
a laminate. The high efficiency (≥ 20%) and output power (≥29.8 dBm) over a wide
frequency range (30%) exceed the state-of-the-art in Si-based PAs.
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Chapter 1
Introduction

Historically, the millimeter wave (mm-Wave) spectrum has been mostly allocated for
radar applications, however, the increasing demand in high speed and low latency
wireless data channels has led to the exploitation of the possibilities of launching
communication services at Ka-band (26–40 GHz) and beyond [1]. The achievable
data rate over a wireless channel is mostly determined by four factors: bandwidth,
signal-to-noise ratio (SNR), modulation scheme, and whether spatially separated data
paths are exploited. These fundamental relations are expressed in the Shannon-
Hartley theorem [2]:

Cmax = Np B log2(1 + SNR). (1.1)

This theorem establishes the maximum data rate (Cmax) at which error-free informa-
tion can be transmitted over the channel with a certain bandwidth (B) and SNR.
Factor Np represents the number of independent data paths. In order to compensate
for the limited channel bandwidth of the third generation (3G) and its successor – the
fourth generation (4G) communication systems – the wireless industry has started to
explore more advanced methods and new technologies. In particular, the multiple-
input multiple-output (MIMO) technique allows us to increase the data rate of a
wireless link using multiple transmitting and receiving antennas to exploit multipath
effects of the channel efficiently [3]. The performance of such MIMO systems is crit-
ically dependent on the availability of uncorrelated paths. In practice, for a limited
array antenna area, continuous increase in the number of antennas and, hence, spa-
tial channels, does not necessarily lead to significantly higher data rates. This is the
consequence of the spatial correlation between multiple paths as well as increased
antenna mutual coupling effects [4]. Furthermore, improvement of SNR in 3G/4G
communication systems by increased transmitter output power is restricted according
to applicable electromagnetic (EM) fields exposure limits [5]. Therefore, to further
increase the data rate, a wider frequency bandwidth is required [6]. However, such a
wide bandwidth is not available at existing sub-6 GHz communication bands.

As a result, mm-Waves is a key enabler for high data rate fifth-generation (5G)
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Chapter 1. Introduction

communication networks by providing a wide frequency spectrum [7]. Despite the ob-
vious advantage of a large available spectrum, using mm-Wave bands are accompanied
by many technological challenges. Mainly, this is due to the increased propagation
and material loss, as well as limitations of existing semiconductor processes [8].

1.1 Active Antenna Array Challenges at mm-Wave

Frequencies

In order to indicate the main technological challenges in wireless networks at mm-
Wave frequencies and to explore possible solutions, a basic link budget analysis is
essential. For this purpose a downlink scenario assuming a base station with 1000 m
reach in a suburban deployment at 28 GHz is examined. The block diagram of
a wireless link system example is shown in Figure 1.1 [9]. The chosen 100 MHz

SHAKIB et al.: HIGHLY EFFICIENT AND LINEAR PA FOR 28-GHz 5G PHASED ARRAY RADIOS IN 28-nm CMOS 3021

Fig. 1. Illustration of link budget analysis use scenario in comparison of potential carrier frequencies for 5G systems.

this detailed analysis are derived. From this point, we turn
to expanding on the optimization methodology using target
specifications in [8]. Brief theoretical analysis of inductive
degeneration in the output stage is used to further illustrate
its benefits. The reported experimental results are augmented
with new measurement data, and discussed in terms of the
derived 5G requirements.

This paper is organized as follows. Section II shows 28 GHz
is favorable through a detailed analysis of phased array trans-
mitter power consumption across a wide carrier frequency
range encompassing candidate 5G bands and provides PA cir-
cuit specifications. The design optimization methodology and
output stage inductive degeneration as its circuit-level enabler
reported in [8] are expanded upon in Sections III and IV,
respectively. Section V provides implementation details.
In Section VI, experimental data are reported and compared
with the state of the art, as well as to the derived 5G
requirements from Section II. This paper is concluded in
Section VII.

II. SYSTEM CONSIDERATIONS FOR 5G PHASED ARRAY

RADIOS

The link budget for the envisioned phased array 5G broad-
band communication system is analyzed to compare a wide
range of potential carrier frequencies, with UE transmitter
battery power consumption PTx, dc as the figure of merit. The
28 GHz band is shown to be favorable, and PA output power
requirements are derived for future 28 GHz 5G phased array
PA developments.

A. Choice of Carrier Frequency for 5G Systems

The chosen use scenario for this analysis and signal loss
mechanisms in the UE to access point (AP) direction are
illustrated in Fig. 1. Assuming an LOS channel simplifies
this analysis without affecting fc comparison. NLOS channel
details can be found elsewhere [13]. Low-cost CMOS tech-
nology is assumed for the UE phased array radio frequency
integrated circuit (RFIC) (AP RFIC may be, e.g., silicon on
insulator (SOI)), and flip-chip bonding to printed circuit board
(PCB) antenna arrays is assumed [14]. Patch antennas are
arranged at each carrier frequency fc into an Nx × Ny uniform

rectangular array (URA) to fit on a UE/AP PCB of physical
dimensions dx × dy , fixed across fc values (26 mm × 15 mm
for UE, 47 mm × 47 mm for AP), at a spacing of 0.5λ0,
where λ0 is free space wavelength. The UE/AP URA is
illustrated at arbitrary fc in Fig. 2(a). Element counts versus
fc and an example UE array at fc = 30 GHz are shown
in Fig. 2(b). Fixing dx × dy reflects practical size constraints
and helps compare fc values fairly, as array gain Garray( fc)
significantly impacts the link budget. To find PTx, dc( fc), using
Friis’ equation [15] to first express PTx, rf( fc)

PTx, rf( fc)

=
Required Rx Signal for Reliable Detection SRx

︷ ︸︸ ︷

10 log10(kB T × 103 × BWsig) + NFRx ( fc) + SN Rsig

+ Lpath( fc) + Lmisc + [LFE,Tx ( fc) + LFE,Rx ( fc)]
︸ ︷︷ ︸

RF Front-end Losses

− [Garray,Tx ( fc) + Garray,Rx ( fc)]
︸ ︷︷ ︸

Tx/Rx Antenna Array Gains with respect to Isotropic Element

(1)

where kB is the Boltzmann constant, T is absolute temper-
ature, and PTx, rf( fc) is the total RF output power of the
UE transmit array in dBm, needed for reliable detection.
Table I lists definitions of the remaining variables, and corre-
sponding explanations for their chosen values used in (1) and
Figs. 1 and 2. The general criterion is to represent the highest
proven capabilities for system components from published
literature across an fc of 2.4–83 GHz.

In [8] and using the best published CMOS back-off PAE
data in [10]–[12] and [16]–[20], we previously approximated
PAE at Pout that satisfies |EVM| = SNRsig + 3 dB = 25 dB
using 64-QAM OFDM by PAE at Psat − 9.6 dB, then fitted
the data to the trend line

PAE( fc) ≈ 35%

[1 + 0.16
√

( fc/109)]2
. (2)

Also in [8] and consistently throughout this paper, we define
Psat as the Pout at 3 dB of gain compression for the presented
28 nm CMOS PA (see Section VI-A). Combining (1), (2),
Figs. 1 and 2, and Table I, the data scatter and corresponding
trend line for PTx, dc( fc) = PTx, rf( fc)/PAE( fc) based on
the best published performances across a wide fc range is

Path Loss

Antenna Array
CMOS RFIC
Beamformer

CMOS RFIC
Beamformer

1

2

N

PCB Antenna Array

Feed Line

Tx Rx
PA1

PA2

PAN

High EIRP

RFIC Iterconnection/transition

Antenna Array

High 
Sensitivity

Figure 1.1: Block diagram of a mm-Wave wireless link system employing N -channel beamforming
RFIC in downlink scenario.

bandwidth results in −84 dBm receiver sensitivity [10, 11]. The required SNR for
quadrature amplitude modulation with 16 points in the grid (16-QAM) is 8 dB [10,12].
The receiver antenna gain is 17 dB. The required total equivalent isotropic radiated
power (EIRP) can be determined as:

EIRPdBm = Receiver Sensitivity + SNR – Rx Antenna Gain + Path Loss. (1.2)

The path loss in the idealistic case (lossless medium) might be represented by free-
space path loss (FSPL), caused by the spherical expansion of the wavefront in free
space [13]:

FSPLdB = 20 log10

(
λ

4πR

)
, (1.3)

where λ is the wavelength in free space, and R is the distance between the transmit-
ting and the receiving antennas. The shift from conventional 3G/4G operation bands

2



1.1. Active Antenna Array Challenges at mm-Wave Frequencies

towards mm-Wave implies more than 10× wavelength reduction, which leads to more
than 20 dB higher FSPL. Moreover, absorption losses in different mediums are in-
creased at mm-Wave frequencies. Rain, fog, and water vapor exacerbate this loss [14].
In the present scenario, the estimated path loss is in the order of 133−156 dB [10,15].
Given the calculations above, the required total EIRP for the transmit side is between
40 and 63 dBm (see Table 1.1) [16].

Table 1.1: Downlink link budget at 28 GHz

Parameter Assumptions Value

Receiver Sensitivity
Limit

100 MHz −84 dBm

Required SNR 16-QAM 8 dB

Total Array Gain 16 Elements 17 dB

Estimated Path Loss 1000 m 133–156 dB

Required
Transmitted EIRP

- 40–63 dBm

The next question is how to realize the required EIRP by the transmitter? From
the transmitter perspective, EIRP is defined as:

EIRPdBm = P t +GA − L, (1.4)

where P t is the RF power supplied to transmitting antenna in dBm, GA is the
antenna gain in a given direction relative to an isotropic antenna in dBi, the term L
represents losses at the interconnections and feeding lines in dB. In order to realize
the required EIRP in specific directions corresponding to the positions of users, mm-
Wave transmitters exploit a phased-array architecture [17]. Figure 1.1 shows an RF
integrated circuit (RFIC) containing N independent RF braches each of which is
interfaced with the corresponding antenna element. In the transmit mode, each RF
branch is formed by a tunable phase shifter and power amplifier (PA). The beam
steering functionality is realized by setting corresponding phase coefficients in each
RF branch.

The gain of an antenna array GA is produced by its individual element gain Gel

and the array gain AG, representing the array configuration effects. There are dif-
ferent promising unconventional antenna array architectures, such as irregular sparse
arrays (ISAs) [18,19] and focal line arrays (FLAs) [20,21]. The unconventional array
architectures allow for more degrees of freedom in the design, but are not established
technologies yet. In the present analysis a conventional uniform array architecture
is employed. The array gain of the antenna array with uniformly-spaced identical
elements is defined by element spacing d [22]. The individual element gain in an
idealistic case is dependent on the effective aperture area Aeff only [22]. The above
relations are summarized in (1.5).
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Chapter 1. Introduction

GA = Gel + AG , where

Gel = 10 log10

(
4πAeff

λ2

)

AG = 10 log10

(
2Nd

λ

) ∣∣∣∣
d<λ�Nd

(1.5)

However, to prevent unwanted grating lobes in wide-scan antenna arrays (±45◦

or larger), element spacing d must not exceed λ/2. Taking that into account, array
gain becomes AG|d=λ/2 = 10 log10(N). The half-wavelength spacing also limits the
aperture size of antenna elements and, hence, individual gain Gel ≤ 5 dBi. Increasing
the number of antenna elements N requires more PAs. Assuming each individual PA
operates at an output power of P out, the total power accepted by the transmitting
antenna can be expressed as:

P t = P out + 10 log10(N). (1.6)

Therefore, for the assumed scenario the transmitter EIRP can be written as:

EIRPdBm = P out − L+Gel + 20 log10(N), where Gel ≤ 5 dBi. (1.7)

As one can see from Equation 1.7, there are three intuitive ways to improve EIRP:

1. Increase the number of antenna elements (N);

2. Employ high-power PAs;

3. Reduce interconnection losses (L).

GaN

GaAs

SiGe

Pout

100 elements

EI
R

P,
 [d

B
m

]

Figure 1.2: EIRP as a function of the number of antenna elements (N) in the uniform array. The
set of curves corresponds to different P out. The colored regions indicate the typical P out at Ka-band
for diffrent semiconductor technologies.
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1.1. Active Antenna Array Challenges at mm-Wave Frequencies

Figure 1.2 shows the EIRP as a function of the number of antenna elements for
different PA output power levels. At the desired EIRP levels, increasing the individual
PA output power by 5 dBm is equivalent to adding 100 extra antenna elements in
a large-scale antenna array (N ≥ 150). The latter is not practical since it occupies
more area and requires a lot of additional beamforming branches. Hence, the system
becomes more expensive and less reliable.

Therefore, using a high-power PA (P out ≥ 25–30 dBm) per single antenna ele-
ment and minimizing interconnection losses between them allows one to efficiently
generate the desired EIRP, and hence, to compensate for the increased path loss
at higher frequencies. However, existing loss minimization techniques demonstrate
a trade-off between their power enhancement and relative bandwidth [23]. In par-
ticular, a direct matching approach in [24] obviates the need for a potentially lossy
impedance matching network and demonstrates 20% higher output power but offers
5% bandwidth only.

Although the continued growth of new applications drives the semiconductor in-
dustry towards more cost-effective solutions for mm-Wave, an efficient generation of
high-power is still challenging at these frequencies [25–29]. In order to characterize
and compare the performance of semiconductor materials for high-power applica-
tions at mm-Wave frequencies, Johnson’s figure of merit (JFoM) can be used [30].
It includes the most critical parameters of materials: the charge carrier saturation

Table 1.2: Properties of the typical semiconductor materials

Material
Saturation velocity,

[×104 m/s]
Breakdown

field, [MV/cm]

JFoM
normalized to Si

Si 1.0 0.3 1.0

GaAs 1.5 0.4 2.7

InP 0.7 0.5 20

GaN 2.5 3.3 27

velocity in the material and the electric breakdown field. The latter directly de-
fines the amount of power, which a semiconductor device could bring to the load.
As is clear from Table 1.2, III-V compound semiconductors (GaN, GaAs, InP) can
potentially generate more power at mm-Wave frequencies in comparison with sili-
con (Si) [31–34]. However, their relatively low thermal conductivity (compared to
Si) restricts the maximum power density, which results in devices with larger areas.
The relatively lower level of integration for III-V compound devices has limited their
mainstream use. From a cost perspective, GaAs and GaN technologies are more
expensive for high volumes, mainly due to their smaller wafer size.

In cellular communications, where compactness and cost-effectiveness are impor-
tant, silicon technologies are becoming attractive alternatives [35, 36]. The high in-
tegration capability of Si technologies allows designing multi-functional chips con-
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Chapter 1. Introduction

taining independent Tx/Rx beamforming branches as well as a digital control inter-
face [37–41]. However, due to the fundamental material properties (See Table 1.2),
the generation of 25− 30 dBm output powers is very challenging for silicon technolo-
gies and requires non-conventional design solutions.

1.1.1 Conventional Power Combining

The maximum output power limitation of a single Si transistor might be overcome by
combining the power of multiple active devices on each antenna array element [42–46].
Traditionally, on-chip power combining is categorized by the scale of integration. It
might be device-level or circuit-level [47].

The device-level power combining is based on parallelization or stacking (and
sometimes both) identical transistors in a region whose extent is small compared
to one wavelength, and is generally limited to the number of devices that can be
combined efficiently. Placing multiple transistors in parallel (See Figure 1.3) allows
one to increase the output current, but it is also accompanied by a proportional
reduction of the output load impedance [48–50]. It means that an additional matching
circuit with a high transformation ratio is needed. Stacking multiple transistors leads

B1 B2 BN

E

C
C

B

E

Ic 1 Ic 2 Ic N

Vce 1 Vce 2 Vce N

B1 B2 BN

E

C
C

B

E

Ic 1 Ic 2 Ic N

Vce 1 Vce 2 Vce N

Z load =
Vi

N∑
i=1

Ici

Z load =

N∑
i=1

V cei

Ici

(a) (b)

Figure 1.3: Device-level power combining: (a) Parallelization; (b) Stacking.

to the output voltage and optimal load impedance increasing. The latter is usually
desired since individual high-power devices have intrinsically low optimal impedance.
However, in practice, the number of stacked transistors is limited due to the increasing
complexity of interconnection topology and difficulty to minimize parasitic effects [51–
53]. The device-level power combining is efficient at sub-6 GHz frequencies. At mm-
Wave frequencies, spatially distributed effects in the interconnecting and routing lines
become significant. This causes the transistors to operate differently from each other,
which leads to the reduction of output power, efficiency, and gain. Moreover, when
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Figure 1.4: Conventional circuit-level power combiners: (a) Non-Isolated current combiner;
(b) Wilkinson combiner based on transmission lines.

the devices are closely spaced, mutual thermal coupling between them increases,
which might cause a thermal breakdown [54]. Thereby, the number of the combined
devices (N) usually does not exceed 5, which corresponds to ≤ 6.9 dB relative power
increase [49, 51,52].

To overcome the above interconnect and thermal issues, circuit-level power com-
bining is based on combining multiple smaller independent PA-cells. Figure 1.4 (a)
shows a non-isolated current combiner, where the outputs of the N individual PA-
cells are simply connected to a single point. This approach is similar to the device-
level parallelization (Fig. 1.3 (a)) and also requires an additional matching circuit.
Increasing the number of interfaced PAs results in the higher impedance transforma-
tion ratio, and hence the output matching circuit becomes more complex, especially
if a wide bandwidth is required [55]. Wideband operation is usually achieved by us-
ing multi-stage matching networks, which intrinsically occupy more areas and have
higher losses. Another challenge is the mutual coupling between the combiner input
ports, which might negatively affect the individual PA-cell behavior. The latter is
addressed in Wilkinson power combiners with isolation load resistors [56–58]. Fig-
ure 1.4 (b) shows an example of a planar Wilkinson combiner using traditionally λ/4
transmission lines (TLs). The cascade connection of two-way Wilkinson power com-
biners can provide an N -way combining; however, increasing the number of inputs is
accompanied by higher losses in the series-connected λ/4 TLs. This fact constrains
the relative increase of power after combining, which is expressed as:

Relative Power Increase dB = 10 log10(N)− Lλ/4 log2(N), (1.8)

where Lλ/4 represents incertion losses in a single TL with electrical length λ/4. Fig-
ure 1.5 shows the relative increase of output power as a function of the number of
interfaced PAs. The set of curves correspond to different insertion losses of the λ/4
TLs. In the lossless case (blue line), the output power is proportional to the number
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Figure 1.6: Efficiency as a function of insertion losses in the output power combiner. The set of
curves corresponds to the efficiency of an individual PA-cell (lossless combining).

of PA-cells. However, in the presence of losses, increasing of the number of PAs does
not help to significant increase the output power [59,60].

Besides the maximum output power limitation, the combiner losses cause a signif-
icant reduction of the combined PA efficiency, which is a ratio between the output RF
power and the total DC power taken from a supply source. This effect is exemplified
in Figure 1.6, showing the combined PA efficiency as a function of insertion losses in
the output power combiner. In the case of an ideal (lossless) power combiner, the
efficiency of the combined PA is equal to the efficiency of its individual PA-cell, which
corresponds to the points on the y-axis. Increasing the combiner insertion losses leads
to the output power reduction while the DC power consumption remains the same.
As a result, a significant efficiency degradation is observed, especially for the PA-cell
with initially high efficiency (dark red curve). For example, the insertion losses of
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Figure 1.7: Performance of the reported state-of-the-art Si-based PAs at Ka/V-band: efficiency
versus saturated output power [61].

2 dB lead to the efficiency drop from 40% to 25% for the PA-cell with initially high
efficiency, whereas the PA-cell with initially low efficiency (light red curve) demon-
strates the efficiency reduction from 15% to 10% only. Since conventional circuit-level
on-chip power combiners are intrinsically lossy due to the Si substrate [60,62,63], the
exiting combined PAs demonstrate a trade-off between the output power and effi-
ciency. Figure 1.7 shows the performance of the reported state-of-the-art Si-based
PAs at Ka/V-band in the efficiency-power coordinate plane. Although the reported
PAs with output power less than 24 dBm demonstrate relatively high efficiency, the
Watt-level PAs have very limited efficiency (≤ 18%) caused by the lossy power com-
biners. Therefore, new power-combing solutions and PA architectures are required
for facilitating efficient high-power generation at mm-Wave frequencies.

1.1.2 Integration with Antenna Elements

Besides the employment of high-power PAs, reaching the desired EIRP level requires
minimization of interconnection losses between active devices and antenna elements.
In the perspective of integration with active components, planar TL structures such
as microstrip line (ML), coplanar waveguide (CPW), and stripline offer a compact
and cost-efficient solution (See Figure 1.8 (a)). However, these TLs suffer from high
dielectric and ohmic losses as well as radiation leakage, especially at mm-Wave fre-
quencies [64].

Moreover, parasitic field radiation by bent planar TLs might cause undesired
coupling between adjacent RF branches, and hence, affect the performance of active
components [65]. In contrast, conventional hollow metal waveguides (WGs) have in-
trinsically low insertion losses and perfect isolation, however it is difficult to combine
with active components (See Figure 1.8 (b)). It also requires a good electrical contact
between metal blocks. The latter might be partly overcome by using the gap waveg-
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Figure 1.8: Transmission lines and fundamental E-field mode distribution: (a) CPW and ML planar
TLs; (b) Hollow metal rectangular WG; (c) Ridge gap WG.

uide technology [66], but it has limited application in dense beam-steering antenna
arrays since it requires more space in order to realize artificial magnetic conductors
as shown in Figure 1.8 (c).

Despite the huge amount of challenges, mm-Wave offers a wide variety of inte-
gration options in comparison with conventional sub-6 GHz bands. At mm-Wave
frequencies the size of antennas becomes compatible with RFICs size. This fact al-
lows to make an antenna as a part of a package or even integrate it into an RFIC
back-end [67–69].

1.2 Goal and Objectives

In view of the aforementioned motivation, this work aims to develop and experi-
mentally demonstrate new power combining and integration solutions for efficient
Watt-level mm-Wave transmitters in Si-based technologies. Several objectives are
established to achieve this aim:

Objective 1. Develop a new power combining architecture eliminating the need
for the intermediate and potentially lossy on-chip combiners by directly interfacing
an array of PAs to a single radiation element;

– Investigate architecture constraints and scalability bounds;

– Analyze the critical effects of interconnected PAs in different operating regimes
(linear and non-linear regimes);

– Explore possibilities of integration with existing antenna elements, in particular
elements in SIW technology.

Objective 2. Design a combined Watt-level PA using a new architecture, demon-
strating both high output power and high efficiency over a wide frequency bandwidth.
The focus of the design is on an advanced high-speed SiGe process from NXP Semi-
conductors, which is one of the main industrial partners of the Silika project [70].
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– Design a custom PA-cell suitable for the new PA architecture;

– Develop a new EM-circuit-thermal design flow capable of taking account of
various multiphysics effects occurring in the joint structure containing multiple
PA-cells;

– Develop a combined PA prototype to evaluate its performance as well as to
explore the architecture sensitivity to assembly and fabrication imperfections.

Throughout this work, the main performance targets are high output power and
energy efficiency in combination with a wide operation bandwidth and a compact size
for potential applications in dense antenna arrays with electrically small inter-element
distance.
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Chapter 2
Spatial Power Combining in Substrate
Integrated Waveguide

This chapter outlines the principle of operation and the design methodology of the
proposed compact spatial power combining transition between an array of amplifiers
and a single substrate integrated waveguide (SIW). This concept is validated through
measurements of the fabricated passive back-to-back transition.

2.1 Spatial Power Combining Techniques

As an alternative to the conventional device-level and circuit-level power combining,
quasi-optical or spatial power combining techniques are becoming more and more
attractive as the interest in mm-Wave frequency applications is growing. [47, 59, 71–
74]. Spatial power combining is an essential part of quasi-optical amplifiers, as for
example shown in Figure 2.1 (a), where the spatially distributed electromagnetic
wave is coupled to the space-fed array of PAs, amplified, and transmitted directly to
the radiating element.

Spatial power combiners have a number of advantages over conventional circuit-
level solutions [47]:

• Intrinsicly low insertion losses, which do not increase significantly when in-
creasing the number of combined PAs.

• High maximum achievable output power (as a result of the constant insertion
losses). The maximum number of interfaced PAs is constrained by the physical
limitations of the architecture only.

• Direct integration with an antenna element. A spatially distributed output wave
can be directly fed to the radiation element without using any intermediate
transitions that are potentially bulky and lossy.
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Figure 2.1: Spatial power combining: (a) Quasi-optical beam amplifier concept; (b) Fundamental
WG mode amplification using insert longitudinal active trays [75, 76]; (c) Spatial power combining
in gap WG technology [71].

In practice, spatial power combiners are usually realized inside hollow metal
WGs [74–76], as shown in Figure 2.1 (b). The coming waves are sampled by an
array of receiving probe antennas, amplified by multiple PAs, and radiated into a
WG by an array of output antennas. The PAs and antenna probes can be placed
on multiple planar longitudenal trays inside the WG. This arrangement allows us to
accommodate broadband traveling-wave antennas and improve performance by using
multi-stage active components placed along the direction of propagation. Neverthe-
less, this structure also has technological and implementation problems including
complex packaging for performing high isolation between the inputs and outputs
of active components and high sensitivity to assembling tolerances. The latter is
partly addressed by a spatial power combiner packaged in the gap WG technology,
where a parallel-plate WG mode can be potentially amplified by a grid of PAs (See
Figure 2.1 (c)). However, in order to create the distributed WG mode, a bulky

14



2.2. Substrate Integrated Waveguide

OUT

IN1

IN2

IN3

OUT

IN1

INN

(a) (b)

Figure 2.2: Planar spatial power dividers/combiners: (a) Sectorial 1:3 power divider [77]; (b) Ta-
pered microstrip power divider [78].

parallel-plate reflector illuminated by a (horn) antenna is required. The latter limits
applications of such combiners in dense antenna arrays with electrically small inter-
element distance. In addition, despite a potentially high scalability of the structure,
the edge PAs cannot be efficiently utilized due to the tapered field distribution [71].

Planar spatial power combiners are more suitable for the integration with active
components since a combiner and amplifier modules can be placed on the same sub-
strate. However, the existing solutions of planar dividers/combiners are based on the
generation of a distributed quasi-TEM mode in over-sized MLs [79]. Over-sized MLs
have intrinsically low impedance, which is challenging for their direct integration with
conventional planar antennas. As a consequence, an impedance transformer formed
by a long tapered ML section is an essential part of such combiners. Figure 2.2 (a)
shows a sectorial power divider as an example [77]. Besides the lossy tapered ML
section, an additional drawback of this solution is that the input ports are located
on an arc to ensure that the input signals combined constructively. The latter has
been addressed in [78], where etched holes in the middle of the conductor pattern
are used to equalize the signal path lengths from the input port to the output port,
as shown in Figure 2.2 (b). However, this structure is long and has a narrow-band
performance.

2.2 Substrate Integrated Waveguide

Substrate integrated waveguide (SIW) technology plays an important role in the real-
ization of active antenna arrays at mm-Wave frequencies. It combines functionalities
and performance of conventional WGs as well as supports an efficient integration
with active components due to its compact and planar structure. SIW is a particular
case of a conventional rectangular metal WG shrunk in height that is embedded into
a printed circuit board (PCB), as shown in Figure 2.3. The top and bottom metal
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Figure 2.3: Substrate integrated waveguide (SIW) and its fundamental TE10 mode E-field distribu-
tion.

walls are directly represented by two PCB metal layers, whereas side walls are formed
by rows of plated vias between the corresponding metal layers [80].

2.2.1 Fundamental Characteristics

Due to the same topology, SIWs are similar to the conventional rectangular WGs in
terms of their propagation and dispersion characteristics [81]. For a rectangular WG,
the longitudinal wave vector component (kz) of arbitrary TEmn mode is given by:

kz =

√
k2 −

(mπ
w

)2

−
(nπ
h

)2

, (2.1)

where w is the WG width; h is the WG height; k = 2π/λ; n,m ∈ N0. Each WG mode
is mainly characterized by its cut-off frequincy; it is the lowest frequency for which a
mode will propagate. The WG cut-off frequency corresponds to kz = 0. Therefore,
the cut-off frequency for an arbitrary TEmn mode can be defined as:

fc mn =
c

2π
√
εr

√(mπ
w

)2

+
(nπ
h

)2

, (2.2)

where εr is the relative permittivity of the medium inside the WG. Since the height of
the SIW (h) is very small, the TEmn modes with n ≥ 1 propagate at extremely high
frequencies only and usually are not taken into consideration. As one can see, for
any TEm0 mode the cut-off frequency is defined by the WG width (w) only. There-
fore, SIW and conventional waveguide with the same electrical width have identical
propagating TEm0 modes. Figure 2.4 shows the magnitude of the E-field distribu-
tions for the TE10 and TE20 modes propagating in the SIW with w′ = 7.11 mm,
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Figure 2.4: Magnitude of the real part of the E-field distribution at 30 GHz: (a) TE10 mode;
(b) TE20 mode.

h = 0.254 mm, εr = 3.6. The fundamental mode of a WG is the mode that has
the lowest cut-off frequency, in the presented case, it is the TE10 mode. The cut-off
frequency of TE10 is defined as:

f10c =
c

2w
√
εr
. (2.3)

However, it is worth noting that in order to take into account a finite size of the vias
forming the side walls, the width of the SIW can be expressed as:

w = w′ − d2

0.95s
, (2.4)

where w′ corresponds to the center-to-center distance between the vias in the trans-
verse direction, d is the diameter of the vias, s is the spacing among them in the
longitudinal direction [81].

Another important characteristic of the SIW as a TL is its characteristic impe-
dance. The impedance concept plays a fundamental role in transmission theory.
There are several definitions of the TL characteristic impedance: voltage-current,
power-voltage, and power-current [82]. For the TEM mode all definitions converge to
the same characteristic impedance, i.e., one that is solely a function of the geometry
and is frequency independent [82,83]. Conversely, the characteristic impedance of the
fundamental TE10 mode propagating in the SIW is not uniquely defined and depends
on frequency:

ZTE10 = k
h

w

√
µ

ε

(
1− λ2

4w2

)−1/2

where


k = π

2
, if V-I def.

k = 2, if P-V def.

k = π2

8
, if P-I def.

(2.5)

According to the voltage-current approach, the characteristic impedance of the SIW
is defined as the ratio of the maximum transverse voltage across the top and bottom

17



Chapter 2. Spatial Power Combining in Substrate Integrated...

3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8

w, [mm]

0

10

20

30

40

50

60

70

80

90

100

T
E

1
0
 M

o
d

e 
Im

p
ed

an
ce

, 
[

] h = 127 m

h = 254 m

h = 508 m

μ
μ
μ

Figure 2.5: Characteristic impedance of the SIW as a function of the width. The set of curves
corresponds to different substrate thicknesses.

to the total longitudinal current. Whereas the power-voltage and power-current defi-
nitions are based on the power propagating through the WG cross-section. However,
the definitions differ by a scaling factor (k) only. Figure 2.5 shows the characteristic
impedance of the fundamental SIW TE10 mode (V-I def.) as a function of the SIW
width (w) for different substrate height values (h). By analogy with a ML, employing
a thinner substrate and increasing the SIW width allows reducing the characteris-
tic impedance. The latter conclusion is important for future integration with active
components, as it is discussed in the next section.

2.2.2 Integration with Active Components

As shown in Figure 2.5, the characteristic impedance of the SIW is in practice signif-
icantly lower than the typical 50-Ω interface impedance of the (PA) chip. Therefore,

N x PARFIC

50 Ω

SIW

tapered ML

Figure 2.6: Classical transition interfacing an array of PAs with a single SIW.
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in order to realize optimal impedance matching a transition between the SIW and the
ML/CPW should have an impedance-transforming functionality. A straightforward
way of doing this is to employ a tapered TL section.

Figure 2.6 exemplifies a conventional ML to SIW transition concept [80, 84]. As
illustrated, the chip with multiple PAs delivers high power to the input port of the
transition which is then transferred to the SIW. Achieving an optimal impedance
match renders the transition long and therefore lossy, especially if a wide frequency
bandwidth (BW) is required (See [80,84], and Table 2.1).

Table 2.1: Comparison between state-of-the-art solutions and the proposed designs

Reference
Frequency,

[GHz]
Bandwidth,

[%]
Losses (b2b),

[dB]

SIW width,
[λ]

1×, TE10 [80] 25-31 12 0.15 0.50-0.62

1×, TE10 [84] 17.5-30 50 1 0.44-0.76

2×, TE20 [85] 20-40 50 2 0.57-1.14

4×, TE10 [this work] 22-36 48 0.3 0.51-0.84

8×, TE10 [this work] 25-36 42 0.4 0.62-1.06

10×, TE10 [this work] 25-35 30 0.4 0.65-1.10

This fundamental trade-off between BW and power losses limits the applicabil-
ity of conventional transitions in high-power mm-Wave transmitters. Moreover, as
discussed in Section 1.1.1, on-chip power combiners are inherently lossy, and thus,
constrain the maximum output power generated by the PAs.

2.2.3 Practical Implementation

The SIW technology permits the implementation of conventional rectangular WG
components and antennas in a planar form, as well as enables their integration with
active devices [86]. SIW-based structures preserve most of the advantages of conven-
tional metallic WGs, such as high quality-factor, self-consistent electrical shielding,
and high power-handling capabilities. This fact results in the great acceptance of
SIW-based components, including iris and cavity filters [87], directional couplers [88],
circulators [89], slot array [90], and leaky-wave antennas.

In terms of practical implementation, SIW-based structures could be fabricated
using standard PCB processes or low-temperature co-fired ceramic (LTCC) technol-
ogy, which makes them lighter and less expensive in comparison with metal WGs.
However, the presence of a dielectric inside the structures increases its losses. Dielec-
tric losses can be minimized by using substrates with low loss tangent.

Figure 2.7 shows an example of an SIW-based slot array antenna [90]. It consists of
16 SIW columns each of which has 22 longitudinal slots. The columns are fed through
the incorporated 1-to-16 alternating phase power divider. In order to synthesize an
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TransitionPower splitter

Figure 2.7: A K-band 16×22 SIW-based slot array antenna. The radiation pattern shape complies
with ETSI class 3, the antenna gain is ≥ 26 dBi over 20–24 GHz [90].
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Figure 2.8: A SiGe BiCMOS transmitter/receiver chipset with on-chip SIW antennas at THz fre-
quencies [91]: (a) Integrated transmitter chip; (b) Receiver chip.

antenna array with the desired radiation pattern envelope and gain, a well-established
approach for conventional metal WG array antennas has been implemented. The
measured antenna gain is ≥ 26.0 dBi within the operation band 20–24 GHz, the
radiation pattern shape complies with the European Telecommunications Standards
Institute (ETSI) class 3 requirements. The radiation efficiency is 74.3 % at the center
frequency. The antenna has a simple planar structure allowing its fabrication using
a conventional low-cost PCB technology.

At THz frequencies, SIW-based structures become more compact and could be
directly implemented on-chip. Figure 2.8 shows a SiGe BiCMOS transmitter/receiver
chipset with on-chip SIW-based antennas [91]. Despite the intrinsically high silicon
substrate losses, system-on-chip (SoC) architectures become more efficient at these
frequencies compared to conventional approaches where discrete antennas are used
that suffer from extremely high interconnection losses. THz transmitters are usu-
ally based on frequency multiplication using non-linear active components. In the
present case, the frequency tripler is directly connected to the antenna, as shown in

20



2.3. Transition between a Coupled Microstrip Line Array and...

Figure 2.8 (a). Therefore, an antenna should have a high-pass filtering functional-
ity to suppress unwanted fundamental and second harmonic signals. An SIW-based
antenna is a good candidate to realize the desired functionality due to its intrinsic
high-pass filtering property (See Equation (2.1)). Figure 2.8 (b) shows the micropho-
tograph of the THz receiver with the on-chip SIW-based slot antenna. The intercon-
necting transition between the 50-Ω subharmonic mixer and the SIW is formed by
a conventional tapered ML section. However, this solution has several limitations as
discussed in the above subsection.

2.3 Transition between a Coupled Microstrip Line

Array and Substrate Integrated Waveguide

In order to overcome the limitations of the conventional power combining approaches,
minimize interconnection losses, and enable direct integration between active com-
ponents and antenna elements in mm-Wave dense antenna arrays, a new transmitter
architecture has been proposed. It is based on a multi-channel transition [Paper A],
which directly interfaces an array of PAs to an SIW via multiple spatially distributed
MLs, as shown in Figure 2.9. This allows one to directly excite spatially distributed
SIW modes with high power. Figure 2.9 visualizes the transfer from the ML mode(s)
to the fundamental TE10 SIW mode. The input ports are coupled through the spa-
tially distributed SIW modes, which causes mutual coupling effects to play a criti-
cal role in the proposed transition performance and its design process. In order to
take into account mutual coupling effects, the design aproach is based on ‘active’

N x ZL ML

SIW

Si MMIC

N x PA

h

w

N 

1 

Figure 2.9: Compact transition interfacing N power amplifiers (possibly embedded in a single
MMIC) to a single SIW.

21



Chapter 2. Spatial Power Combining in Substrate Integrated...

impedance matching, a technique known from antenna array network theory. It al-
lows the reflection coefficient of each ML mode to be analyzed in the presence of the
ML array excitation and ML array mutual coupling effects, with the ultimate goal
to maximize the overall power transfer to the SIW. The active reflection coefficients
at the transition input ports are defined as

Γn =
1

An

N∑
m=1

AmSnm n ∈ {1, . . . , N}, (2.6)

where Snm is the 50-Ω S-parameter from ML port m to n, Am is the complex excita-
tion coefficient of port m. In the case of uniform excitation {An}Nn=1 = 1.

The proposed transmitter architecture has a number of advantages over the con-
ventional approach as shown in Figure 2.6:

• Output power is no longer limited by lossy on-chip power combiners.

• Spatial power-combining functionality resulting in low insertion losses, which
are virtually constant relative to the number of interfaced PAs.

• Wide bandwidth in combination with compact size, since the tapered ML section
is not required.

• Generation of the desired higher-order modes (TEm0) by applying corresponding
excitation coefficients {An}Nn=1.

2.3.1 Scalability Bounds

In the proposed architecture, the power accepted by the antenna element is propor-
tional to the number of interfaced PAs. Therefore, it is important to investigate
the scalability of the multi-channel transition. According to the voltage-current ap-
proach, the characteristic impedance of the SIW is defined as a ratio of the maximum
transverse voltage across the top and bottom to the total longitudinal current (See
Equation (2.5)). Assuming that the total (integrated) SIW longitudinal current is
a sum of N ML currents, an impedance matching model could be represented as
a parallel connection of N MLs (each with an equal input impedance ZL in active
mode) to a common port. The common port impedance should be approximately
equal to the characteristic impedance of the SIW TE10 mode (ZTE10) to realize a
good impedance match:

ZTE10 ≈ ZL/N. (2.7)

Thus, increasing the number of channels demands decreasing the SIW characteristic
impedance (ZTE10). This could be done by increasing the width (w) or decreasing
the height (h) (See Equation (2.5)). Figure 2.10 shows the estimated number of con-
nected PAs (N) as a function of the ML impedance for different substrate thickness
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Figure 2.10: Estimated number of the connected PAs as a function of their optimal impedance for
different substrate height values h. Results correspond to a single mode SIW at Ka-band.

values (h). The upper bound of the filled areas corresponds to the maximum number
of channels, geometrically limited by the SIW width (the spacing between the lines
is assumed to be equal to the line width). The lower bounds are set by the optimal
impedance matching criteria. As one can see, employment of a thin substrate and
high ML impedance channels allow for interfacing more amplifiers to a single SIW,
and hence significantly increase the output power as compared to a single channel
transition (See Figure 2.6).

For example, employing a substrate with h = 50 µm allows to interface up to N =
30 PAs with 50-Ω optimal load impedance into a single mode SIW at Ka-band. In an
ideal case, it results in 14.7 dB relative power increase. A small substrate thickness
of the proposed solution enables its future in-package and on-chip realization.

2.3.2 Numerical Validation

The proposed spatial power-combining transition has been tested in a 4:1 configura-
tion, as shown in Figure 2.11. It includes four input ML ports with 50-Ω reference
impedance and a single matched SIW port as an output. The SIW width has been
choosen in such a way that both the TE10 and TE20 modes can propagate.

The critical design parameters are the positions of MLs, the distances between
MLs, their lengths and widths. The transition has been optimized to realize an opti-
mal active impedance matching under the condition of uniform excitation ({An}4

n=1 =
1). The optimal design parameters are presented in [Paper B]. Figure 2.12 (a) illus-
trates the field coupling from multiple quasi-TEM modes to the TE10 mode and its
subsequent propagation inside the SIW when the input ports are uniformly excited.
In spite of the fact that the transition has been optimized to maximize power transfer
into the fundamental TE10 mode, higher-order modes could also be generated by ap-
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Figure 2.11: EM model of the proposed power-combining transition in a 4:1 configuration.

plying different excitation scenarios. Figure 2.12 (b) exemplifies a generation of the
TE20 mode by the same arrangement; corresponding excitation coefficients are de-
fined as: An = e−jφn , where φn = {0, 0, π, π}. The higher modes (TE30, TE40) might
be obtained by increasing the SIW width and interfacing more input ports, which
gives extra degrees of freedom for implementing more complex excitation scenarios.
Due to the flexibility of the proposed transition, it is expected to play an essential
role in multi-mode antennas, where multiple modes are usually employed to increase
the operation bandwidth [92]. The simulated passive and active reflection coefficients
(|S11|, |S22| and |Γ1|, |Γ2|) of the 50-Ω ports of the 4:1 transition over the 25–35 GHz
frequency range are shown in Figures 2.13 (a) and (b) respectively. Although the
passive reflection coefficients of the individual ports reach −5 dB level, their active
reflection coefficients (when all input ports are excited simultaneously) remain below
−25 dB over 30% bandwidth and ≤ −15 dB over 50% bandwidth. The latter is a re-
sult of efficiently utilizing mutual couplings between the ports. Figure 2.13 (c) shows
the couplings between the 50-Ω input ports. As one can see, the coupling between
the edge ports (|S14|) reaches −4 dB level, whereas the coupling between port 1 and
port 3 (|S13|) is below −12 dB over the 25–35 GHz frequency range. The relatively
high |S14| mainly attributes to the coupling between the ports within SIW modes.
This effect might be critical for some applications, where active components require
a good isolation between channels. A method of isolation enhancement is discussed
in the next subsection.

Figure 2.13 (d) shows transmission coefficients between the symmetric 50-Ω input
ports and the output SIW port (|S15|, |S25|). In case of an ideal 4:1 power com-
biner/divider: |S15| = |S25| = −6 dB. However, the average level of the simulated
transmission coefficients is ≥ −6.25 dB, which results in approximatly 0.25 dB incer-
tion losses. The relative difference between |S15| and |S25| does not exceed 0.2 dB,
implying that the power amplifiers in the array are utilized effectively.
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Figure 2.12: Magnitude of the real part of the E-field distribution at 30 GHz: (a) TE10 mode;
(b) TE20 mode.
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Figure 2.13: Simulated (a) Passive reflection coefficients; (b) Active reflection coefficients of the
input ports, as shown in Figure 2.11; (c) Coupling between the input ports; (d) Combiner insertion
losses. The results for symmetric ports are omitted.
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The special case of a 10-way power combiner with 50-Ω CPW input ports has
been presented in [Paper D]. The simulated active reflection coefficients of the CPW-
ports and passive reflection coefficient at the wave port of the structure are better
than −10 dB over more than 30% relative bandwidth (25–35 GHz). Numerical re-
sults validate the model and show that this configuration allows for efficient power
combining from multiple amplifiers, and hence can generate 10× more power while
maintaining a constant loss of almost 0.3 dB.

Summarizing the above, the proposed transition overcomes fundamental limita-
tions of single-channel SIW transitions and simultaneously achieves a wide bandwidth
and low power loss, and also outperforms the state-of-the-art multi-channel multi-
mode transitions in terms of its compactness and power transfer/combining efficiency
(See Table 2.1).

2.3.3 Isolation Enhancement Technique

An essential factor worth taking into account in the transition design procedure is
the mutual coupling between PAs. The transition is designed under the condition
of a uniform excitation assuming identical PAs ({An}4

n=1 = 1). However, realistic
PAs might be slightly different in their amplitude-phase characteristics due to dif-
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Figure 2.14: Simulation models of the 4-way power combiners: (a) Ideal Wilkinson power combiner;
(b) Spatial power combiner with and without isolation load resistors.
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ferent thermal regimes, semiconductor process variations and fabrication tolerances.
This effect could be introduced into the design procedure by varing complex excita-
tion coefficients {Am}4

m=1 in Equation 2.6. Generally, in order to reduce the effect
of {Am}4

m=1 on the active reflections {Γn}4
n=1, the magnitudes of Snm have to be

minimized.

This minimization problem has been addressed in [Paper E]. In a similar manner
as in the Wilkinson power combiner (See Figure 2.14 (a)), isolation resistors (R1, R2)
are introduced in-between the PA outputs, as shown in Figure 2.14 (b). In the case
of ideal uniform excitation, the voltage difference between the input ports will be
zero implying that no current will flow into the isolation resistors, and hence, there is
no power dissipation. For a non-uniform excitation, the differential-mode power will
be dissipated in the resistors. This enhanced isolation between the channels results
in a smaller variation of the input port active reflection coefficients Γn. Despite the
power dissipation in the isolation resistors, the combined output power is expected
to be higher (compared to non-isolated scenario). This is due to the behaviour of
the individual PAs, which deliver less power if the output is mismatched [93]. The
optimal resistor values could be found in [Paper E]. Figure 2.15 shows the mutual
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Figure 2.15: Simulated mutual coupling between the input ports of the spatial power combiner with
and without isolation resistors (dashed and solid lines, respectively) and an ideal Wilkinson power
combiner (black line). The results for symmetric ports are omitted.

27



Chapter 2. Spatial Power Combining in Substrate Integrated...

PA-1

PA-2

PA-3

PA-4

φ1

φ2

φ3

φ4

IN OUT

1:4 4:1

ideal
under
test

Figure 2.16: The simulation test-bench for the evaluation of the combined PA performance in the
presence of normally distributed phase errors, used for the ideal Wilkinson power combiner and the
spatial power combiners with and without isolation resistors.

coupling between input ports. As one can see, isolation resistors allow to significantly
reduce the coupling compared to the original design with no isolation resistors. In
particular, the |S23| and |S13| remain below −15 dB, and |S12| and |S14| remain
below −12 dB and −7 dB, respectively, over the 25–35 GHz band. The relatively
high level of |S14| could be reduced by introducing another resistor between the edge
ports. The latter is not practical since it requires long interconnecting lines. The
ideal Wilkinson combiner intrinsically has good input matching and exhibits excellent
isolation properties.

In order to evaluate the sensitivity of the power combiners to non-identical PAs, a
simulation test-bench has been proposed (See Figure 2.16). It has a single 50-Ω input
port interfaced to an ideal 1:4 power splitter. The power splitter feeds an array of
identical common-base PA-modules in SiGe Heterojunction Bipolar Transistor (HBT)
technology [94]. The power amplifiers are power-matched to a 50-Ω load impedance.
In practice, phase variations of the PA complex gain dominate over amplitude drifts.
This effect is emulated by four independent phase shifters with normally distributed
phase values {φn}4

n=1. The outputs of the PAs are interfaced to the matched 4:1
power combiners under test. The performance of such a joined active structure has
been investigated in terms of PA metrics: forward transfer gain, output power, and
efficiency.

The performed statistical analysis shows that introducing isolation resistors al-
lows one to significantly reduce the negative impact of a non-uniform excitation on
the overall output power, gain, and power efficiency. The proposed power combing
transition with the isolation resistors is comparable with the classic Wilkinson power
combiner in terms of sensitivity to a non-uniform excitation, while it has both a
significantly lower insertion loss and a more compact size.
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2.3. Transition between a Coupled Microstrip Line Array and...

2.3.4 Experimental Demonstration

In order to experimentally demonstrate the concept of the spatial power combining
transition, a passive prototype (without isolation resistors) in back-to-back (B2B)
configuration has been designed, as shown in Figure 2.17. It is an 8 ports structure,
which has 4 input and 4 output 50-Ω coaxial ports to allow for calibration and test-
ing with a standard vector network analyzer (VNA). However, coaxial connectors are
bulky compared to the transition size and, as a consequence, additional divergent
routing lines are required. The effect of those need to be de-embedded from the mea-
surement results. The routing lines are closely spaced in the SIW region, and hence,
might cause additional undesired coupling effects. The latter significantly compli-
cates calibration and de-embedding procedures. To avoid these problems, the device
under test (DUT) includes divergent lines to make the routing lines to the connectors
(shown in Figure 2.17 by light gray color) virtually independent. In this case, 2-port

46.2 46.6

a

b

c

d

a

c

150 μm

20 μm

5 mm

Figure 2.17: A mechanical model of the 8-port B2B prototype: (a) The entire B2B structure
including two connected transitions; (b) The proposed transition between SIW and four short and
strongly-coupled TLs; (c) 50-Ω routing MLs that decouple the TLs at the ports of the B2B for the
purpose of testing; (d) Connector interface regions.

only thru-reflect-load (TRL) calibration kit could be used to remove the effect of the
routing lines and connectors from the measured results. It is important to note that
the electrical length of the routing lines should be the same. Figure 2.18 shows the
fabricated prototype and its corresponding TRL calibration kit. The structure is built
on a hybrid multilayer PCB with edge metallization, which is formed by stacking two
dielectric material layers. The top substrate is a RO4350 laminate with a relatively
low loss tangent, wheareas the bottom hardback substrate is FR4, which makes the
structure more rigid. The PCB has on overall size of approximately 46×46 mm and
is bolted to an aluminum support frame. The optimum design parameters of the
DUT and interconnection MLs are provided in [Paper C].
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connectors 

frame

(a) (b)

Figure 2.18: (a) Fabricated spatial power-combining transition in a back-to-back configuration;
(b) Designed thru-reflect-line (TRL) calibration kit.
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Figure 2.19: Measured DUT in a back-to-back configuration. The symmetric ports are marked by
the same colors. The shown E-field magnitude distribution corresponds to simultaneous excitation
of the input ports at 30 GHz.
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Results of multiple single-ended measurements performed by a 4-port VNA have
been combined to constract the full 8× 8 scattering matrix; the corresponding port
numbers are shown in Figure 2.19. The magnitude of the measured active reflection
coefficients (|Γn|, n ∈ {1...8}) of the symmetric 50-Ω ports are shown in Figure 2.20.
The curves are close to each other and in good agreement with the simulations shown
by black dashed lines. However, ripples on the measured curves are visible that are
mainly attributed to connector interfaces whose negative effects cannot be entirely
removed by the designed 2-port TRL calibration kit since, in practice, these intercon-
nections are slightly different due to the fabrication and measurement uncertainties.
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Figure 2.20: Measured (solid) and simulated (dashed) active reflection coefficient of the symmetric
50-Ω ports of the B2B prototype (including effect of connectors), as shown in Figure 2.19.
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In spite of this, the measured |Γ1| and |Γ2| < −13 dB in the desired frequency range
and < −10 dB over the whole range (20–40 GHz). Insertion losses of the DUT
are shown in Figure 2.21. The measured losses were de-embedded using the thru-
standard of the designed calibration kit. Contributions of the dielectric and radiation
losses have been estimated using simulation data. At 30 GHz the total losses of the
DUT are 0.73 dB, where the contribution of the dielectric and radiation losses are
0.28 dB and 0.45 dB, respectively. Radiation losses are dominant and attributed to
the bent MLs in the DUT. The overall expected losses of the proposed transition
without routing lines are estimated to be less than 0.3 dB.
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Figure 2.21: Measured (dashed) and simulated (solid) insertion losses of proposed DUT.

2.4 Conclusion

A novel transition concept based on the direct excitation of the SIW modes by an
array of coupled MLs has been proposed. Its spatial power combining functionality
obviates the need for potentially lossy on-chip power combiners. The passive tran-
sition examined in a B2B configuration shows that the proposed solution overcomes
the fundamental limitations of the conventional power combining architectures. It
allows us to simultaneously achieve wide BW (50%) and low insertion losses (0.4 dB)
while it offers a compact planar form-factor. The proposed concept has a wide range
of possible applications, e.g. in mm-Wave antenna arrays, where each element is
interfaced with an inexpensive grid amplifier RFIC, or as a fully on-chip integrated
antenna solution at sub-THz frequencies.
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Chapter 3
Spatial Power-Combining Module

This chapter describes the active performance of the designed low-loss power com-
bining module, providing an interface between an array of PAs to a single standard
rectangular WG. The active performance of the module in the presence of criti-
cal effects of coupled PAs is tested in combination with a commercial multichannel
transmitter.

3.1 Design Description

A detailed model of the designed power-combining module, which employs the spa-
tially distributed excitation of the SIW-based cavity modes by an array of four MLs
is shown in Figure 3.1. A conventional rectangular WG interface has been choosen
as an output port to demonstrate the power combining and radiation performance in
the presence of critical effects of realistic PAs. In order to integrate a WG interface,
the design concept of the 90◦ bent interface between an SIW-based cavity with etched
aperture and a stepped ridge WG has been employed [95]. However, instead of using
the relatively bulky and long multi-section SIW in [95], the desired multi-mode field
distribution in the relatively wide SIW-based cavity is directly created by an array
of MLs [Paper C]. The direct multi-mode excitation allows to reduce the size of the
transition and hence the losses in comparison with [95]. The consequence is that
the array of MLs, the SIW-based cavity, the coupling aperture, and the ridge metal
WG cannot be analyzed independantly from one another and have to be cosided as
a single module. In contrast to the previous B2B design, where four quasi-TEM
modes are matched to a single TE10 mode (See Figure 3.2 (a)), the present structure
performs a direct matching of the over-moded cavity with open aperture, as shown
in Figure 3.2 (b). The electric field of the resonant cavity mode is concentrated near
the bottom orthogonal ridge and is coupled through the etched rectangular aperture
into the metal WR-28 flange with stepped ridges. The latter is very challenging due
to the low substrate height as well as because of different medium rendering this
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4 x ML (bottom)
SIW-based cavity

metal 
flange

stepped ridges
WR-28 interface

coupling aperture
(top)4x PA

Figure 3.1: A detailed model of the proposed spatial power-combining module. The TE10 mode
propagation inside the WG and direct coupling to the array of MLs is illustrated.

pure TE10 mode

multi-mode excitation

pure TE10 mode

multi-mode excitation

(a) (b)

Figure 3.2: Magnitude of the real part of the E-field distribution at 30 GHz inside: (a) A single-
mode SIW excited by an array of MLs [Paper A,B]; (b) Over-moded cavity with the open aperture
excited by an array of ML.
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region very sensitive to fabrication uncertainties. For efficient aperture coupling, the
bottom ridge should be located inside the coupling aperture, however, in practice
there is a gap corresponding to the thickness of the copper foil on the top PCB layer.
It means that laminates with thin copper layers and low surface roughness have to
be used. The top ridge is needed to match the ridge WG mode to the conventional
WR-28 mode. The design parameters are presented in [Paper F].

3.2 Critical Effects of Coupled Power Amplifiers

In linear microwave circuits such as passive filters, antennas, etc., conjugate matching
is used to maximize the power transfer between the source and load. However, a PA
does not directly transfer power from its input to the load; it generates RF output
power and deliveries it to the load by converting the DC power. In order to maximize
the power generated by the PA, its output needs to be terminated by the optimum
load, which is different from the conjugated output impedance. The optimum load
impedance of a typical PA could be found by performing the load-pull test, in which
the output of the PA is terminated by a set of loads and for each of those the
output power (usually at 1-dB compression point) is evaluated. Then, constant power
contours plotted on the Smith chart allows us to find the optimal load impedance
as well as to predict performance degradation in the case of non-optimal loads, as
exemplified in Figure 3.3. In linear circuits, reduction of the accepted output power
caused by mismatch is expressed as:

Mismatch Power LossdB = −10 log10(1− |Γ|2), (3.1)

where Γ is the complex output reflection coefficient normalized by the optimal PA
load. For example, |Γ|dB = −10 dB results in 0.46 dB power reduction. However,
based on the load-pull data, non-linear PAs are intrinsically more sensitive to the
load variations, and hence, deliver much less power to a non-optimum load [96]. As
it will be exemplified later, |Γ|dB = −10 dB may result in ≥ 1 dB power reduction
(See Figure 3.3). Moreover, the power efficiency of the PA is also highly dependent on
its load impedance, and hence, should be considered in combination with the output
power.

In the case of N PAs coupled through a non-isolated power combiner, the actual
output load of an individual PA can be represented by the active reflection coefficient
at the combiner input ports:

Γn =
1

Gn

N∑
m=1

GmSnm, (3.2)

where Snm is the S-parameter from combiner port m to n, while Gm is the complex
gain of the m-th PA. The active impedances at the combiner input ports are assumed
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Figure 3.3: A realistic PA output power reduction based on the load-pull data (red) compared to
the power reduction due to the impedance mismatch in linear networks (Equation (3.1)).

to be optimal in case of identical PAs (uniform excitation): Gn = Gm|n,m ∈ {1...N}.
However, in practice, the difference between individual PAs might be significant due
to the different thermal regimes of each PA and/or due to fabrication uncertain-
ties. Therefore, interfacing PAs with varying and non-equal gains (Gn 6= Gm|n,m ∈
{1...N}) to a non-isolating combiner (Snm|n 6=m 6= 0) affects the active impedances at
the combiner input ports, and hence, degrades the individual PA performance.

To investigate the behavior of a realistic PA in conjunction with the proposed tran-
sition, an output stage based on a conventional single-ended common-base amplifier
has been interfaced with the designed power-combining module. The PA design is im-
plemented in 0.25 µm SiGe:C BiCMOS technology [97], which is also the technology
used for the quad-channel RFIC in our experimental verification (cf . Section 3.3).
Figure 3.4 shows the PA schematic. SiGe HBTs in common-base configuration are
widely used at high frequencies due to the higher maximum available power gain and
relatively high output load compared to the common-emitter configuration [98, 99].
An output matching circuit based on transmission lines has been used in order to
match the output stage to a 50-Ω load. The remaining design parameters are pre-
sented in [Paper F].

The load-pull simulations have been performed in Keysight’s ADS using a har-
monic balance technique. Figure 3.5 shows the simulated output power in 1-dB
compression point (P1dB) and efficiency contours at 28 GHz in the load reflection
coefficient plane. The clusters of points show active Γ1,2 of the multi-port power com-
biner in the presence of normally distributed phase and amplitude errors represented
non-indentical PAs. As one can see, most of the active load realizations remain within
the region of high efficiency and high output power, although for higher σ the cluster
of points is more spread. This study has been used to determine the PA requirements
in terms of the maximum allowable relative difference of the phase and amplitude.
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Figure 3.4: Simulated Class-A single-ended common-base output PA stage in SiGe HBT technology.
OMN=output matching network, BN=bias network, SN=stability network. An active load sweep
is performed.
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Figure 3.5: Simulated PA P1dB output power (blue) and efficiency (red) contours at 28 GHz in the
load reflection coefficient plane. The cluster of points represent Γ1,2 of the power-combining module
in the presence of normally distributed: (a) Phase errors with µ = 0◦, σ = 15◦; (b) Amplitude
errors µ = 0 dB, σ = 1 dB; (c) Both amplitude and phase errors.
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The results show that good performance (relative output power reduction ≤ 1 dB)
can be expected as long as PA gain variations remain within ±15◦ for the phase and
±1 dB for the amplitude.

3.3 Experimental Validation

3.3.1 Fabricated Prototype

The fabricated power-combining module prototype has four 50-Ω coaxial input ports
for testing with a standard VNA and a single output WR-28 antenna interface, as
shown in Figure 3.6. The divergent MLs were included in the DUT to be able to

1

2 3

4

5
WR-28

(Top view)(Bottom view)

Adjustment 
element

Figure 3.6: Fabricated spatial power-combining module prototype. The adjustment element con-
stitutes a movable metal plate bolted to the flange in the aperture area to control pressure contact
between the PCB and the aluminum flange.

mount RF connectors to the PCB and to decouple the extended routing of MLs. By
exploiting symmetry, the designed two-port-only calibration kit (the same as for the
B2B configuration) suffices to largely remove the effect of the four connectors from the
measurement results. The structure is formed by stacking a standard double-sided
PCB on the aluminium WG flange with embedded ridges. The bottom side of the
flange has conically-shaped guide pins (dowels) for the stack alignment and threaded
holes to mount the 4×2.4 mm edge connectors. It allows to remove the bottom clamps
of the connectors. This prevents undesired field leakage from occurring through the
gap formed by the connector’s body and the PCB edges. As discussed in the previous
section, the region between the etched aperture and the bottom ridge is very sensitive
to fabrication tolerances, therefore an extra adjustment element was developed as
indicated on the left-hand-side photo. It consists of a movable metal plate bolted
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to the flange in the aperture area. The metal plate has a threaded hole with a
trimming screw, which can be used to control pressure contact between the PCB and
the aluminium flange. The top side of the flange has a standard WR-28 interface,
which can be also used like an open-ended WG radiating element. The stack has on
overall size of approximately 46× 46× 6 mm.

3.3.2 Measurement Results

The measured active reflection coefficients of the symmetric 50-Ω input ports are
shown in Figure 3.7 (a), (b). The obtained |Γ1| and |Γ2| < −13 dB in the desired
frequency range and < −10 dB over whole range (24.5–37.8 GHz). The measured
and simulated WR-28 port reflection coefficients are shown in Figure 3.7 (c) (coaxial
ports are terminated as shown in Figure 3.6). It is seen that SWR−28

55 < −14 dB
over 24.5–37.8 GHz. This corresponds to the 50% bandwidth. All curves are close
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Figure 3.7: Measured (solid) and simulated (dashed): (a) Active reflection coefficients of the 50-Ω
port 1 and port 4; (b) Active reflection coefficients of the 50-Ω ports 2 and port 3; (c) Reflection co-
efficient of the WR-28 port. The colored regions indicate the bandwidth of the employed commercial
transmitter.
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Figure 3.8: (a) The standard gain horn antenna fed by the developed multi-port power-combining
module; (b) Measured H-plane normalized EIRP pattern of the standard gain horn antenna con-
nected to the proposed spatial power-combining module (red) and conventional probe-type feed
(blue) at 28 GHz. The relative difference is shown by the black dashed line.

to each other and in good agreement with the simulations shown by black dashed
lines. Visible ripples are attributed to the connector interfaces and bent MLs which
cannot be completely de-embedded by the designed two-port TRL calibration kit
(See 2.18 (b)), since in practice the ports are slightly different.

The performance of the proposed spatial power-combining module has been in-
vestigated in conjunction with a standard gain horn antenna at the desired frequency
range. The standard probe-type coaxial-to-waveguide transition Anritsu Wiltron
35WR28 was used as a reference feed. Figure 3.8 shows the measured H-plane ra-
diation pattern of the standard gain horn antenna in-pair with the proposed power-
combining module at 28 GHz. The resulting radiation pattern was combined from
four embedded element patterns each of those corresponding to the excitation of one
port while terminating the other ports. As one can see, the relative difference be-
tween the measured patterns with the single port and multi-port feeding is negligible
(< −35 dB within the angular region of ±20◦). This difference is comparable with a
relative measurement uncertainty, which increases to −20 dB at larger angles. This
fact confirms a good rejection of higher-order propagating modes that, in general, can
be excited through asymmetric feeding. The tested power-combining module allows
to achieve ≥ 5 dB higher output power and hence increases the EIRP in comparison
with the reference feed having a normalized EIRP pattern. The conclusions are the
same for the E-plane patterns and these results have therefore been omitted.

In order to test the proposed concept in the presence of the critical effects of real-
istic PAs, the fabricated power-combining module has been interfaced with a quad-
channel beamforming SiGe HBT RFIC transmitter [94], as shown in Figure 3.9 (a).
The beamforming RFIC has one input and four output independent RF branches,
each of which includes a Class-A PA operating in the 26.5–29.5 GHz frequency band.
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Figure 3.9: (a) Architecture of the quad-channel beamforming SiGe HBT RFIC in connection with
power-combining module; (b) Measurement setup for evaluating the power-combining module in
conjunction with PAs (vector network analyzer and cables are not shown).
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The beamforming RFIC on the evaluation board has been connected to the multi-
port combiner by four short coaxial cables (See Figure 3.9 (b)). Such a connection
allows for extra flexibility during the calibration and measurements. In practical ap-
plications, the RFIC can be directly mounted on the same PCB without any cables
and routing lines. The gain and phase of each branch can be controlled via a digital
interface. This ability has been used to compensate for various lengths of cables be-
tween the beamforming RFIC board and the power combiner. It allows driving the
proposed structure with a calibrated equal amplitude and phase distribution as well
as to examine the effect of amplitude and phase variations.
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Figure 3.10: Simulated (dashed) and measured (solid) relative increase of the generated output
power of the 4×PA combined by the proposed module, with respect to a single PA in non-linear
(P1dB point) and linear regime. The colored region shows the operation band of PAs.

Figure 3.10 shows the relative increase of the generated output power of the 4×PA
combined by the proposed module with respect to a single PA over the 24–31 GHz
frequency range for different PA operational regimes. The measured results are com-
pared to the EM simulated model, which accounts for dielectric losses. The measured
result in the linear regime is close to the simulation, however, the average level is a
bit lower due to the losses in the extended routing of the MLs. The dielectric and
radiation losses have been estimated based on the simulated data. At 30 GHz, the
total simulated losses of the DUT are 0.55 dB, where the contribution of dielectric
and radiation losses are 0.19 and 0.36 dB, respectively. Radiation losses are dom-
inant and attributed to the bent MLs, but these can be eliminated through direct
MMIC interfacing. The overall insertion loss of the proposed spatial power-combining
module without extended routing lines is estimated not to exceed 0.3 dB.

Figure 3.11 shows the measured combined power compared to the output power of
each PA versus input power. The input and output powers were normalized to obtain
0 dB gain at the P1dB point. The non-linear behaviour of the joint PA and power-
combining module is similar to that of a single PA. The performance reduction in
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Figure 3.11: Normalized measured output power versus input power for single PAs (dashed) and
after combination with the proposed power-combining module (solid) at 28 GHz. The set of curves
shows measured performance reduction in the presence of ±15◦ phase variation.

the presence of phase errors has been investigated by manually adjusting the phase
shift for each beamformer branch. The measured set of curves (semitransparent)
correspond to ±15◦ phase variation. As one can see, in the worst scenario the output
power decrease is less than 1 dB, which is in good agreement with simulations (See
Figure 3.5).

3.4 Summary

The designed power-combining module facilitates efficient mm-Wave power genera-
tion and integration with antenna elements over a 42% bandwidth (24.5–37.8 GHz),
where the total power loss due to this module is ≤0.5 dB in simulations and ≤0.7 dB
in measurements. Moreover, the losses do not significantly increase with the number
of added amplifiers, in contrast to conventional on-chip power combining techniques,

Table 3.1: Comparison between state-of-the-art solutions and the proposed designs

Reference
Number of
channels

Frequency,
[GHz]

Bandwidth,
[%]

Losses,
[dB]

CMOS on-chip [60] 2 22-26 16.7 1.4

CMOS on-chip [62] 2 16-27 51.2 1

CMOS on-chip [63] 2 30-40 29.2 1.7

CMOS on-chip [60] 4 22-26 16.7 2.4

[this work] 4 24.5-37.8 42 0.2

[this work] 8 25.1-36.4 37 0.3
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Chapter 3. Spatial Power-Combining Module

as shown in Table 3.1. There is no considerable difference between the measured rel-
ative power increase in the linear and non-linear regimes. Hence, the spatial power-
combining module does not affect the PA performance over the whole input power
range. A typical difference between the gains of realistic PAs does not exceed the
found acceptable limits for the power-combining module, i.e. within ±15◦ and ±1 dB
for the phase and amplitude respectively. Furthermore, the antenna pattern measured
with this module shows negligible deformation due to non-identical PAs.

The concept is expected to play an important role in high-power mm-Wave trans-
mitters, where both low insertion losses and optimal active device load matching are
important requirements.
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As shown in Chapter 1, active array transmitters with high-EIRP are required in
order to compensate for the increased propagation and material losses at mm-Wave
frequencies. The most straightforward way of achieving the desired EIRP levels is
to generate high RF power (25 − 30 dBm) per antenna element [100]. However,
achieving such a high power level at Ka-band is very challenging for the existing
semiconductors, especially Si-based devices, due to their relatively low breakdown
voltage. Despite this fact, Si-based technologies have become more attractive for
emerging mm-Wave applications due to their low cost and high integration capabili-
ties compared to III-V compound semiconductors. Moreover, the current maximum
output power limit of existing mm-Wave Si-based PAs could be overcome by the
proposed power combining transition owing to its intrinsically low insertion losses,
which are virtually independent of the number of interfaced PAs.

This chapter describes the design and implementation of such as spatial power-
combined Watt-level PA at Ka-band in SiGe BiCMOS technology, which is suitable
for integration with mm-Wave array antennas. The design and performance of the
combined PA and its individual building blocks are reported. The chapter starts
by presenting an architecture of the combined PA and determining the performance
requirements for its individual PA-cell. Based on the determined requirements, the
PA-cell design and optimization aspects are described in detail with special atten-
tion to the compensation of active circuitry parasitics and passive components EM
modeling. The obtained PA-cell design and performance are followed by the com-
bined PA design and optimization description. In contrast to a stand-alone PA-cell,
the design of the combined PA is more challenging since various critical multiphysics
effects occurring in the joint structure have to be taken into account. Thus, a more
holistic multiphysics design flow, including joint EM-circuit-thermal optimization, is
presented (See Figure 4.18). It allows achieving the optimal system-level large-signal
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Chapter 4. Watt-Level mm-Wave SiGe Power Amplifier

performance of the combined PA while mitigating the thermal issues. Moreover, the
chapter includes important practical considerations regarding the fabrication and
assembly of the combined PA as well as its performance testing. The obtained per-
formance of the combined Watt-level PA and its individual PA-cell are discussed in
comparison with the existing PAs, where typically lossy on-chip power combining
solutions are used.

4.1 Power Amplifier Architecture

This section presents a system-level architecture of the designed Watt-level mm-Wave
PA and introduces its individual building blocks, which are described in detail in the
following sections. Figure 4.1 shows the architecture of the Watt-level PA employing
the proposed transition with power combining functionality. The design is based on
a chip with an array of identical PA-cells, each of which is parallel-fed by using an
on-chip power divider (the PA-cell design is detailed in Section 4.2). Although the
presence of the lossy on-chip divider reduces the gain of the combined PA with respect
to a single PA-cell, it does not significantly affect PAE due to the relatively high gain
of individual PA-cells. The chip’s multiple outputs are flip-chip interconnected to the
power combiner placed on a laminate, which obviates the need for a potentially lossy
on-chip power combiner. In order to simplify a validation of the combined PA and its
comparison to conventional PA architectures with a single output port, a tapered ML
transition is employed on the other side of the combiner. In practical applications,
the design will include a single standard rectangular WG as an output interface (cf .
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Figure 4.1: The architecture of the designed Watt-level mm-Wave PA employing the proposed tran-
sition with the power combining functionality. A chip with multiple PAs is flip-chip interconnected
to the SIW combiner placed on a laminate.
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Chapter 3) or directly an SIW-based antenna element [90, 91, 101]. Therefore, the
tapered ML transition will not be needed.

Currently, there are no commercially available chips suitable for the proposed
architecture. Moreover, reported single PA designs implemented in Si-based processes
at these frequencies either have insufficient output power (≤ 15 dBm) [102–104]
or include lossy power combiners, which dramatically reduce efficiency and limit
the operation bandwidth [105, 106]. As a result, the performance of the combined
PA might be restricted by the moderate performance of its PA-cell. Therefore, the
essential next step towards the realization of the efficient Watt-level spatial power-
combined PA is to design a custom PA-cell, of which the stand-alone performance has
to be on the edge of the current state-of-the-art in Si-based mm-Wave single-stage
PAs [107–109].

The main performance targets are:

• High output power 1(≥ 23 dBm);

• High PAE 1 (≥ 25%);

• Wide bandwidth (≥ 30%);

• Compact size (≤ 0.5×0.5 mm).

The last item allows one to fit more PA-cells on the same chip, and hence, increases
the combined output power.

4.2 Power Amplifier Cell

4.2.1 Overall Design Description

The PA design is implemented in an advanced high-speed SiGe process from NXP
Semiconductors, which is one of the main industrial partners of the Silika project [70].
This process is derived from the highly successful QUBiC4 0.25 µm BiCMOS tech-
nology family [97]. A high degree of commonality with the parent technology ensures
low cost of wafers, high manufacturability, and high quality proven in high volume.
The technology offers crucial features for mm-Wave designs, such as high-voltage
(HV) and low-voltage (LV) HBTs with a high cutoff frequency, high-density metal-
insulator-metal (MIM) capacitors, six metal layers for back-end interconnections,
and deep trench isolation (DTI). The HV-device has intrinsically higher collector-
emitter breakdown voltage, however its peak transition frequency, where current
gain goes to unity, ft/fmax = 90/200 GHz is lower compared to the LV-device with
ft/fmax = 180/200 GHz.

1Performance is at 1-dB compression point
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Figure 4.2: The PA-cell design: (a) Block diagram including input/output baluns configurations;
(b) Differential cascode PA circuit diagram; (c) Biasing network circiut diagram.

Although an ideal common-emitter PA provides the highest power amplification
(compared to other configurations) as it has both voltage and current gain, a common-
emitter (CE) configuration is not the first choice for high-power mm-Wave PAs [110].
The latter is caused by the excessive base-collector parasitic capacitance, Cbc, of a
large multi-fingers device required for the generation of high output current. Since the
CE configuration is an inverting amplifier [47], the parasitic Cbc applies increasing
negative feedback and hence, reducing the gain as the frequency increases. This
phenomenon is called Miller effect [111] and could be represented by the increased
equivalent input capacitance expressed as:

Cin = Cbe + Cbc · (Ku + 1), (4.1)

where Cbe is the physical base-emitter capacitance, Ku is the voltage gain of the PA.
In contrast to the CE configuration, common-base (CB) PAs do not suffer from the
Miller effect since they do not invert signal. However, their current gain is ≤ 1 [47].

In the present design, the PA-cell is based on a differential cascode configuration,
which allows achieving both high gain and wide operation bandwidth by eliminating
the Miller effect. The PA-cell consists of a differential CE input pair driving a differ-
ential CB output pair referenced to the emitter voltage of the CE pair [112], as shown
in Figure 4.2. In this case, CE stages are loaded by the followed CB stages in such
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a way that their voltage gain is unity. The latter results in a negligible increase of
Cin due to the Miller effect (See Equation 4.1). The CE stage provides current gain,
whereas the CB stage voltage gain. The cascode configuration also allows achieving a
significant improvement in common-mode rejection compared to a conventional dif-
ferential pair. Moreover, operation in differential mode doubles the output voltage,
and hence, the output power, while it lowers the even-order harmonics compared to
a single-ended structure [113]. However, since the chosen architecture requires PA-
cells with single-ended 50-Ω input and output, balanced-to-unbalanced transformers
(baluns) are required to convert a single-ended signal to differential and vice versa.
In this design, stacked Marchand baluns based on coupled TLs are employed due to
their wide frequency bandwidth and low insertion losses [114,115]. A simple biasing
network based on a buffered current mirror has been implemented to set the fixed
cascode reference current corresponding to the class A/B operation point, as shown
in Figure 4.2 (b). The designed PA-cell requires three DC biasing voltages: Vmain

– voltage applied to collectors of CB devices, Vcas – voltage applied to bases of CB
devices, and Vbias – voltage required for the biasing circuit, which sets the operation
point. The default biasing settings are: Vmain = 5 V, Vbias = 2.5 V, Vcas = 1.5 V.
To protect the PA from a possible electrostatic discharge (ESD) overstress during
fabrication, assembling, and testing, the design is equipped with an ESD protection
circuit.
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Figure 4.3: A top-level layout of the designed PA-cell including pads for on-wafer testing. The filling
pattern indicates the position of the DTI layer.
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In order to reduce the substrate parasitics and effectively increase the substrate
resistivity, DTI is implemented below the baluns and RF pads. However, due to its
high computational complexity, performing a full-wave simulation of a DTI layer is
impossible. Therefore, to evaluate the impact of the DTI layer on the PA-cell perfor-
mance, two types of PA-cells have been prepared for tape-out: with and without the
DTI layer. Figure 4.3 shows a top-level layout of the PA-cell indicating the positions
of its modules and pads for on-wafer probing. The filling pattern corresponds to the
position of the DTI layer.

The design and optimization of the main PA-cell modules are described in detail
in the following sub-sections.

4.2.2 Active Circuitry

Although the employed configuration does not suffer from the Miller effect, its in-
put capacitance might still be significant due to layout parasitics of relatively large
devices [116]. Figure 4.4 shows a simplified equivalent circuit model of the HBT,
which includes layout parasitic effects [117]. Capacitors Cbc, Cbe, Cce represent inter-
electrode capacitances between multiple base-emitter, base-collector, and collector-
emitter fingers, respectively. The ohmic losses in routing lines and interconnections
between different metal layers, required for parallel connection of the corresponding
fingers, are represented by resistors Rc, Rb, Re.
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Figure 4.4: A simplified equivalent circuit model of the HV-HBT, which includes parasitic effects
of the layout.

The total emitter area determines the maximum achievable output power of a
device. Since the width of an emitter finger is typically set by the chosen technology,
there are two degrees of freedom - emitter length and the number of fingers. In-
creasing the length of emitters leads to proportional power increase. However, it also
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Table 4.1: The configuration of the designed HBTs

HV-CB LV-CE
LV-biasing

(buffer)

LV-biasing
(mirror)

Emitter width, µm 0.4 0.4 0.5 0.4

Emitter length, µm 25.2 25.2 4.5 1.0

Collector plug width, µm 1.3 1.3 1.3 0.5

Number of emitters 3 3 1 1

Number of cells 3 1 1 1

enlargements parasitic capacitances and, as a result, reduces the gain. Using devices
with multiple relatively short fingers allows reducing inter-electrode capacitance, but
this solution requires additional interconnecting lines, which increase parasitic resis-
tances. Therefore, iterative optimization of the device topology has been used to
maximize the emitter area and minimize layout parasitics.

The found optimal CB device is formed by a parallel connection of three HV-
HBTs, each of which has three emitters with a length of 25.2 µm, as shown in
Table 4.1. The total HV-HBT emitter area is 90.72 µm2. The corresponding parasitic
values are: Cbc = 15 fF, Cbe = 17.2 fF, Cce = 6.3 fF, Rc = 201 mΩ, Rb = 399 mΩ,
Re = 296 mΩ. In the used SiGe process, the optimal current density corresponding
to the peak ft is three times higher for LV devices as compared to HV devices [118].
Therefore, since in the employed cascode configurations, both types of devices share
a common collector current, the emitter area of the LV-CE device should be three
times smaller. As a result, the LV-CE device has the same emitter length as the CB
device but only three fingers.

Even though the cascode configuration allows increasing isolation, the oscillation
of the CB device, caused by parasitic inductance between the distributed base and
ground, might still be an issue. Therefore, the shunt capacitor, Cg, has to provide
the shortest possible connection between the CB device bases and ground. To do
that, Cg is realized by a parallel connection of three banks, each of which consists of
four poly-capacitors. The banks are placed in a symmetric way all around the CB
devices; the total Cg = 1.5 pF. Despite their moderate Q-factor compared to other
capacitors [97], poly-capacitors do not require any extra interlayer interconnections
suffering from high parasitic inductance. In order to enhance electrical stability at
lower frequencies, additional high-pass shunt RC networks (Rst = 8 Ω, Cst = 1 pF)
are connected to the bases of CE devices in a symmetric way. At the operation
frequency band, Cst works as a bypass, and hence PA-cell gain is not degraded.

A simple active biasing network based on a buffered current mirror [119,120] has
been employed (See Figure 4.2 (b)). The emitter area of the input current-mirror
device, S1 = 0.4 µm2, is chosen to be much smaller than the CE-device area in
the cascode stage, S2 = 30.24 µm2. The ratio S2/S1 results in the current gain of
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75.6. The input current, Ibias = 265 µA, is defined by the resistor Rbias = 4 kΩ. The
corresponding output current, Ic = 20 mA, sets the class A/B operation point. Owing
to its high current multiplication factor, the designed biasing circuit has negligible
power consumptions (663 µW) and hence does not affect the PA-cell PAE. A possible
temperature gradient between the devices forming the current mirror causes a drift
of the PA-cell operation point. To eliminate this effect, the biasing circuit is split
into two parts, which are placed in close proximity to the CB devices, where the
temperature hotpot is (See Figure 4.3).

4.2.3 Passive Circuitry

At mm-Wave frequencies, as the wavelength of on-chip signals becomes compared
with circuit dimensions, conventional RC-extraction and EM modeling of stand-alone
passive components are insufficient and lead to sub-optimal performance and, in
the worst-case, failure of the design [121]. That results from ignoring the effects
of interconnections, unwanted mutual coupling between closely spaced components,
and distributed ground topology. The dominant impact of passive circuitry’s realistic
layout on the overall performance demands its inclusion at an early stage of design.

In the present case, the passive circuitry is mainly formed by input and out-
put Marchand baluns based on coupled TLs and distributed ground topology placed
around the interior layout, as shown in Figure 4.2 (b). The baluns are primarily
needed to convert a single-ended signal to differential and vice versa [114, 115]. The
output balun has an impedance transformation functionality in order to match the
complex optimal load impedance of the core to 50-Ω. Based on the performed load-
pull simulations (See Figure 4.5 (a)), the designed differential cascode stage has an
optimal differential load represented by a parallel connection of CL = −90 fF and
RL = 70 Ω, as shown in Figure 4.6. This equivalent load allows for achieving both
high output power (≥ 23.8 dBm) and efficiency(≥ 39%) over the wide frequency
range (> 50%). However, since a passive balun circuitry cannot emulate the fre-
quency behavior of negative capacitance, the obtained frequency bandwidth of the
PA-cell is more narrow. For maximization of the PA-cell gain, the impedance of input
balun needs to be conjugate matched to the core input impedance. The differential
input impedance of the PA-cell core could be approximated as a series connection of
relatively small resistance and positive capacitance. Therefore, to realize wideband
conjugate matching, the input balun impedance should behave as a series connection
of CS = −279 fF and RS = 8.64 Ω (See Figure 4.6). The latter is obtained in the
desired frequency range by using the balun with a high impedance transformation
ratio and an additional compensation inductor. The DC biasing voltages, Vbias and
Vmain, are applied at the center tap of the corresponding baluns to eliminate the
need for separate bias chokes, as shown in Figure 4.2 (a). Relatively large decou-
pling capacitors, Cd1 = Cd2 = 10 pF, connecting the center taps of the baluns to the
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Figure 4.5: Simulated load-pull contours of PAE (red) and P1dB output power (blue) at 30 GHz:
(a) PA-cell core with differential load; (b) Complete PA-cell with single-ended 50-Ω load.
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ground make a broadband low impedance path required for low-frequency stability
and common-mode rejection. The baluns are placed on the top metal layer (M6/M5),
which allows one to minimize the negative effect of substrate parasitics and reduce the
resistive losses since these layers are thicker [97]. However, once the chip is flip-chip
interconnected to the laminate, the performance of the baluns might be significantly
affected by the presence of solder masks and laminate itself. Therefore it is essential
to take these effects into account at the stage of PA-cell design.

Figure 4.7 (a) shows a circuit-level block diagram of the PA-cell simulation model
used for passive circuitry optimization. It consists of RLC extracted circuit of the in-
terconnected devices (core) and 8×8 S-matrix representing the complete EM model of
the structure, as shown in Figure 4.7 (b). The EM model has single-ended input and
output ports placed on the laminate, four ports placed on-chip for connection of the
PA-cell core, and two ports for applying biasing voltages and connecting decoupling
capacitors. The baluns and ground topology geometry have been optimized using a
finite element method EM-solver in Ansys HFSS, which perfectly works with com-
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plex multiport models and allows setting arbitrary excitation during post-processing
without resimulations. The key optimization goals are wideband impedance match-
ing (≥ 40%) and high common-mode rejection (≥ 35 dB). Moreover, the performed
complete EM modeling allowed to identify the reason for possible PA-cell oscillations
caused by the excessive inductive coupling between the top turns of input and output
baluns leading to positive feedback. The latter issue is overcome by reorienting the
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top turns of input and output baluns in such a way that the corresponding currents
flow in different directions, as shown in Figure 4.8. The simulated K-factor confirms
that this arrangement makes the PA-cell unconditionally stable. Figure 4.5 (b) shows
the simulated load-pull contours of the complete PA-cell with single-ended 50-Ω load
placed on the laminate. As one can see, the obtained peak values of the output power
and PAE are reduced by 1.1 dB and 9%, respectively, compared to the PA-cell core
with the optimal differential load. These values are found acceptable and mostly
caused by losses in the output balun and interconnections to the laminate.

4.2.4 ESD Protection Circuit

Shrinking the physical dimension of semiconductor devices allows one to advance their
high-frequency performance and integrate more modules with different functionalities
on the same chip. However, it makes chips more vulnerable to ESD overstress [122,
123]. The latter might lead to failures in junctions, isolation oxides, or metallization.
In order to protect the designed PA from a possible ESD overstress during fabrication,
assembling, and testing, the design is equipped with an ESD protection circuit, as
shown in Figure 4.9. It consists of an ESD clamp circuit limiting voltage and multiple
diodes connected in-between biasing pads and ground [124]. The diodes are inverse-
biased under normal operating conditions. But when the voltage at DC pads rises
above Vmain or gets negative, some diodes become forward-biased forming a current
discharge path, thereby protecting the PA [125]. To keep the design symmetry, the
ESD protection circuit has been split into two parts, each of which is placed under
the corresponding biasing pads located on the different sides of the PA-cell die, as
shown in Figure 4.3.
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4.2.5 Experimental Setup

To make an estimate of the combined PA performance and properly evaluate com-
bining efficiency later, the designed stand-alone PA-cell needs to be priorly tested in
both small and large signal regimes. For this reason, the stand-alone PA-cell design
is equipped with pads for on-wafer measurements. The size of the fabricated PA-cell
including pads for on-wafer measurements is 0.8× 0.9 mm.

Figure 4.10 shows a block diagram of the measurement test bench. The biasing
voltages are applied from both sides of the chip by 125 µm pitch Eye-Pass DC probes,
each of which has a ground-power-power-ground (GPPG) configuration. That is
needed to keep DC routing lines on the chip symmetric as well as to reduce the
effect of their electrical resistance. RF probes have a standard GSG configuration
with a 175 µm pitch. A short-open-load-thru (SOLT) calibration substrate is used
in order to de-embed effects of the probes from measurement results. Small-signal
measurements have been directly performed using a 67 GHz Keysight PNA-X N5247A
VNA, whereas large-signal measurements require an additional power calibration
module and preamplifier driving the DUT with high power. In order to evaluate the
efficiency of the designed PA-cell, its power consumption has been measured by a
DC power supply with a remote interface, as shown in Figure 4.11. The expected
measurement uncertainty does not exceed 0.2 dB and 1% for output power and
efficiency, respectively.

Both types of reticles with and without the DTI layer are placed and measured
on the same 150 mm wafer. Its relatively large surface area is in good thermal
contact with a vacuum chuck, which has an ambient temperature of 25 ◦C. Therefore,
additional cooling solutions are not required.
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4.2. Power Amplifier Cell

4.2.6 Measurement Results

The measured small-signal performance of both types of PA-cell2 with and without
the DTI layer is shown in Figure 4.12 (a) and (b), respectively. The presented
results correspond to the samples with the highest measured low-signal forward gain,
|S21|. The corresponding simulated curves are shown by dashed lines as the reference.
The measured low-signal curves over the 0.1 − 45 GHz frequency range for both
designs exhibit similar behavior as the simulations. The input reflection coefficient,
|S11|, is below −10 dB over the 25 − 45 GHz range resulting in ≥ 57% fractional
bandwidth. The obtained wideband impedance matching results from the properly
chosen equivalent circuit representation of the CE stage input impedance, which has
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Figure 4.12: Simulated (dashed) and measured (solid) small-signal performance of the designed
PA-cell2: (a) With DTI; (b) Without DTI.
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Figure 4.13: Measured forward power gain of the PA-cells with (red) and without (blue) DTI. The
set of curves corresponds to different samples. The simulations are shown by the black dashed line.

2Samples with the highest measured gain
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Figure 4.14: Simulated (dashed line) and measured (solid line) stability factor of the PA-cell3with
(red) and without (blue) the DTI layer.

been used at the phase of the input balun optimization. However, the average level
of |S11| of the PA-cell without DTI is lower compared to the design with DTI. The
latter might be explained by the increased losses in the output balun caused by the
silicon substrate’s low resistivity. The measured |S22| ≥ −5 dB for both designs is
a result of the performed optimal power matching, which is different from conjugate
matching. However, for some applications that require the PA-cell output to act as
the matched 50-Ω load, the existing PA-cell configuration might be supplemented
by a negative feedback circuit. The measured reverse isolation, |S12|, remains below
−35 dB levels over the entire frequency band, resulting from the carefully designed
ground topology.

Figure 4.13 shows the measured forward power gain of the fabricated PA-cells.
The sets of red and blue curves correspond to different tested samples with and
without DTI, respectively. The maximum obtained PA-cell gain of 16.1 dB can
be observed at 26.6 GHz and corresponds to the sample with DTI. The samples
without DTI demonstrate the same frequency behavior, but their gain is 0.8 dB
lower on average. The latter confirms a significant effect of substrate parasitics on the
performance of input and output baluns. The simulated PA-cell gain demonstrates
better agreement with the tested samples without the DTI layer. Therefore, the used
equivalent substrate model does not accurately represent the isolation effect of DTI
at Ka-band. Both designs demonstrate 3-dB bandwidth of 45%, which corresponds
to 20.8 − 33 GHz frequency range. The calculated relative gain spread between the
tested samples of the same type does not exceed 0.5 dB and is mainly attributed to
die-to-die process variability. The effect of wafer-to-wafer process variation on the
PA-cell performance has not been studied due to the limited number of available
wafers. The stability K-factor calculated from the measured data confirms that the

3Samples with the highest measured gain
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Figure 4.15: Measured (solid) and simulated (dashed): (a) output power, (b) power gain, (c) cascode
collector current of the PA-cell4versus input power. The set of curves corresponds to different
frequencies.

circuit is unconditionally stable (See Figure 4.14) [47]. The relatively higher K-factor
values of the PA-cell without the DTI layer result from its intrinsically lower forward
gain.

The output power, Pout, and power gain versus input power, Pin, are shown in
Figure 4.15 (a) and (b), respectively. The results correspond to the sample with the
DTI layer and the highest measured gain. As one can see, the gain variation before
compression over different input power levels remains within ≤ 0.5 dB for all the
tested frequencies. The latter is inherent for the chosen class A/B operation, which
has low distortion. Although there is an offset (≤ 0.6 dB) between the simulated
(dashed) and measured curves, their behavior is in good agreement. Figure 4.15 (c)
shows the cascode collector current, Imain, of the PA-cell with DTI as a function of Pin.

4Sample with the DTI layer and the highest measured gain
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Figure 4.17: Measured (solid line) and simulated (dashed line) PAE of the PA-cell at 1-dB com-
pression point.

The measured quiescent current has a value of 52.5 mA, which is 12% higher compared
to the simulations shown by the dashed line. This relative difference remains constant
over the different Pin levels and is attributed to the inaccurate device models. The
cascode collector current exceeds a value of 140 mA in the output power compression
region resulting in 0.7 W power consumption.

The PA-cell5 output power and PAE over the operating frequency band (25 −
38 GHz) are shown in Figure 4.16 and 4.17, respectively. The results correspond to
default biasing settings. The maximum obtained output power6 of 24.2 dBm can
be observed at 25.5 GHz and corresponds to the sample with the DTI layer. The
measured output power of the PA-cell without the DTI layer demonstrates similar

5Samples with the highest measured gain
6Performance is at 1-dB compression point
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4.2. Power Amplifier Cell

behavior over the frequency, however, its level is 0.8 dB lower on average. The output
power 1-dB bandwidth is about 12.2 GHz, ranging from 22.0 GHz to 34.2 GHz, and
corresponds to a 43% fractional bandwidth.

The measured PAE of the PA-cell with DTI reaches the maximum value of 29.8%
at 26.2 GHz and remains above 26% over the entire 1-dB P1dB bandwidth. In contrast
to output power, the measured PAE of the sample without DTI does not significantly
degrade compared to the PA-cell with the DTI layer. The latter results from changing
the load impedance of the PA-cell due to substrate parasitics in such a way that it
leads to the maximization of its PAE. The differences between the measurements and
simulations are believed to be due to the limited accuracy of the Si substrate EM
model as well as complex distributed effects in the relatively large devices.

4.2.7 Summary

Cross-comparison between two types of the fabricated PA-cells shows that the PA-cell
with the DTI layer has overall better performance than the same design without DTI.
The latter results from the reduced substrate parasitics and effectively increased sub-
strate resistivity by inserting the DTI layer under the baluns and RF pads. Therefore,
the further analysis includes the PA-cell with the DTI layer only.

Table 4.2 compares the developed PA-cell and the recently published silicon-based
single-cell PAs operating in class A/B. The designed PA-cell has a wideband perfor-
mance (43%) with both high efficiency (PAE ≥ 26%) and high output power (P1dB ≥
23.2 dBm), which outperforms the state-of-the-art single-cell silicon-based PAs. The
high output power and efficiency is the result of:

• the chosen differential cascode configuration, which eliminates the Miller effect;

• the minimized parasitic effects in multiple relatively large devices and intercon-
nections between them;

• the carefully designed and optimized input and output baluns with wideband
performance and low insertion losses.

The compact size of the PA-cell (≤ 0.8 × 0.9 mm) allows placing multiple cells on
the same chip.

The next steps will be devoted to the implementation of a combined Watt-level
PA employing the developed PA-cells in conjunction with the proposed spatial power-
combining transition.
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4.3 Combined Power Amplifier

4.3.1 Multiphysics Design Flow

Although the developed stand-alone PA-cell demonstrates the desired performance,
which is overall in good agreement with simulations, the design of the combined Watt-
level PA is not a straightforward combination of PA-cells and requires a dedicated
optimization methodology. The latter is caused by the need to consider various crit-
ical multiphysics effects occurring in the joint structure. These effects are primarily
related to:

• Mutual coupling between closely spaced PA-cells;

• DC routing lines and distributed ground topology;

• Crosstalk between parallel biasing circuits;

• Imperfect flip-chip interconnections;

• Presence of underfill and solder mask;

• Excessive heat generation from a relatively small die.

Ignoring the above effects in the design flow inhibits a proportional output power
increase with the number of interfaced PA-cells and turns to an efficiency reduction.
Moreover, strong mutual coupling between closely spaced PA-cells and parallel biasing
circuits might cause positive feedback loops resulting in oscillations. Therefore, a
holistic multiphysics design flow has been proposed to take these critical effects into
account. Figure 4.18 presents a block diagram of the design flow, which consists of
two design phases: initial design phase, where the PA-cell and power combiner are
designed independently from one another, and joint EM-circuit-thermal optimization.
In the initial design phase, the stand-alone PA-cell is optimized in such a way to realize
the desired output power and efficiency over the wide frequency range; the power
combiner is optimized to minimize insertion losses and active reflection coefficients of
its input ports, assuming a uniform excitation scenario. The design and optimization
of the PA-cell and spatial-power combiner are discussed in detail in Sections 4.2.2-
4.2.3 and 2.3.2, respectively.

The PA-cell designed at the initial phase and the spatial power combiner are used
as a starting point for the joint multiphysics optimization, as shown in Figure 4.18. It
intends to achieve the stable operation and optimal system-level performance of the
combined Watt-level PA in terms of PAE and output power over the wide frequency
range while mitigating the thermal issues caused by a high power density in the
relatively small chip. The joint optimization flow includes multiple steps performed
in different software tools in the following order:
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Figure 4.18: A multiphysics design flow for a mm-Wave SiGe spatial power-combined PA.

Step 1. Building a complete EM model of the combined PA passive circuitry and its
simulation in Ansys HFSS;

Step 2. Evaluation of the achieved PA performance in conjunction with the extracted
active circuitry in Cadence Virtuoso;

Step 3. Constructing the corresponding simplified thermal model of the joint structure
and its simulation in Ansys Icepak and Ansys Fluid.

The consecutive design steps are discussed in detail in the following paragraphs.
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Figure 4.19: Simulation of the designed spatial power-combined PA containing 4×PA-cells: (a) EM
model of the die flip-chip interconnected to the combiner placed on the laminate; (b) Simulated
magnitude of the real part of the E-field distribution at 35 GHz.

Step 1. The complete EM model of the combined PA is shown in Figure 4.19 (a).
It consists of a silicon substrate with the actual back end of line (BEOL) topology
interconnected to the laminate, where the ports for input and output interfaces are
placed. The BEOL topology is formed by a 4-way TL-based Wilkinson power splitter
with each output path followed by a PA-cell layout with five internal ports (Bp,
Bn, Cp, Cn, Vcas) for interconnecting the extracted differential active circuitry, as
shown in Figure 4.2. To avoid potential asymmetries in the operation of parallel PA-
cells caused by non-symmetric DC routing lines, each PA-cell is equipped with its
own biasing circuit generating the required voltage locally. It allows to simplify the
biasing network and mitigate potential asymmetries. The remaining feeding lines are
included in the BEOL EM model. The ports for the external DC biasing (Vmain1,2,
Vcas1,2) are put on the laminate. The performance of the power splitter and PA-cells
suited on the flip-chip die is affected by stud-bump interconnections as well as a lossy
solder mask covering the laminate. Thus, the simulation model also includes the
corresponding solder mask pattern and stud-bump interconnections. Figure 4.19 (b)
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Figure 4.20: A circuit-level block diagram of the combined PA simulation test-bench.

shows the simulated magnitude of the E-field distribution of the combined PA at
35 GHz. It visualizes power splitting, parallel amplification, and spatial combing in
SIW.

Step 2. A circuit-level block diagram of the simulation test-bench for the PA
performance evaluation is shown in Figure 4.20. It consists of four identical RLC
extracted circuits of the active core, derived in the initial designs phase, intercon-
necting with the complete EM model of the passive structure represented by a 26
ports S-matrix. The obtained at the previous step S-matrix characterizes the struc-
ture from DC up to the 6th-order harmonics. The above allows taking into account
realistic losses in the DC biasing network by feeding supply voltages to parallel active
circuitries through the simulated S-matrix. Such a multi-cell structure might suffer
from oscillations caused by internal feedback loops. Therefore, time-domain simula-
tions with a pulsed input signal have been used to examine circuit stability at internal
nodes. The large-signal performance of the combined PA has been evaluated using a
harmonic balance analysis. At this step, the PA geometry is numerically optimized to
ensure circuit stability as well as to satisfy the main system-level performance goals.

Step 3. Despite the relatively high efficiency of the designed PA-cells (cf. Sec-
tion 4.2.6), placing multiple parallel PA-cells in close proximity to each other on one
die causes excessive heat generation resulting in a significant internal temperature
increase. The latter might negatively affect device performance and reliability [126].
There are three main mechanisms of heat transfer: conduction, convection, and ra-
diation. Due to its relatively small surface area, heat radiation is negligible for the
present design. As a result, the following two paths contribute the most to heat
dissipation:

• Convection from the surface of the chip to the air;

• Conduction through interconnecting stud-bumps to the laminate and then con-
vection to the air.
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Figure 4.21: Thermal analysis in large-signal operation: (a) Surface temperature; (b) Air velocity
corresponding to natural convection. The heat source power is 2.5 W; the ambient temperature is
25◦C.

The performed thermal simulations show that the heat transfer path through stud-
bumps is the most effective in the present design and accommodates more than
80% of total heat dissipation [127]. Consequently, it is essential to minimize thermal
resistance between the die and laminate by placing a grid of stud bumps on the corre-
sponding dummy ground pads all around the interior chip layout [128]. Furthermore,
the laminate should be designed in such a way as to support efficient convection of
heat from its top metal layer to the air. Figure 4.21 shows a simulation thermal
model of the combined PA, where a point heat source is placed inside the silicon
substrate. The power level of the heat source corresponds to the output power and
efficiency values obtained in the previously performed harmonic balance analysis.
The simulations have been performed in Ansys Icepak. The obtained steady-state
surface temperature of the chip must be within the safe operation region under the
condition of natural convection, as shown in Figure 4.21.

The above described iterative optimization flow of the chip topology and its cor-
responding footprint on the laminate continues until both the desired large signal
performance and safe temperature regime are obtained. The found optimal pitch
between adjacent PA-cells is 370 µm, allowing one to put one row of grounded pads
for stud-bumps between PA-cells and hence prevent undesired coupling effects while
mitigating long DC routing lines. Moreover, a grid of ground stud-bumps has been
placed all around the interior layout to realize proper galvanic and thermal con-
nections between the chip and laminate. The pitch between adjacent stud-bumps is
180 µm. The designed input power splitter is formed by CPW TLs with a signal path
on the top metal (M6) and a patterned ground shield on the lower metal layer (M4).
The use of thicker top metal layers reduces resistive losses and mitigates the effects
of substrate parasitics. In spite of that, the performed EM simulations of the stand-
alone splitter show high insertion losses reaching a −7.8 dB level at 35 GHz. This
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fact makes off-chip power combining solutions more preferable at these frequencies
as they have intrinsically lower insertion losses (cf. Section 4.3.4).

4.3.2 Fabrication and Assembly Considerations

In contrast to conventional PA architectures with embedded power combiners, where
the output reference plane is directly placed on-chip, implementing the proposed
spatial power combined PA is more challenging since it requires multiple fabrication
and assembly steps. Various imperfections occurring in fabrication and assembly
processes might significantly degrade the PA performance as well as its reliability.
Therefore, it is essential to choose proper fabrication technologies and materials,
ensuring their minimal impact on the PA performance. This sub-section discusses
several fabrication and assembly considerations mainly related to the test-board and
flip-chip interconnections.

The developed test-board containing the SIW-based power combiner and its two
back-to-back configurations is shown in Figure 4.22. The board contains four copies of
each configuration, which are grouped in the corresponding reticles. Such an arrange-
ment allows one to extend the surface area of each board and hence fix it properly
on a vacuum chuck intended for relatively big wafers. Multiple reticles are required
for checking the performance variation caused by fabrication and assembling uncer-
tainties as well as for performing stress tests, where some active samples might be
damaged. The designed configurations are intended to be tested directly on-laminate
with the use of miniature contact probes. The latter simplifies a calibration proce-
dure and makes the board more compact since bulky RF connectors, interconnecting
lines, and transitions are not needed.

openings (OSP)

soft gold

solder resist

vacuum chuck

MT77 core

Figure 4.22: The designed test-board containing the SIW-based power combiner and its two back-
to-back configurations arranged in four reticles.
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Figure 4.23: Fabricated board: (a) Layout of the designed power combiner including its two back-
to-back configurations; (b) X-ray image of the board area corresponding to the chip footprint.
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Figure 4.24: The results of scanning electron microscopy: (a) Cross-section of the fabricated board
indicating the quality of the gold finishing on top of the copper trace; (b) Map of the surface
roughness (100×100 µm2 area).

The board has a hybrid multilayer stack-up, which consists of three copper-clad
laminates. The top and bottom substrates are Astra MT77 laminates with a relatively
low thickness of 127 µm, whereas the middle core is FR4 with a thickness of 300 µm,
which intends to make the structure more rigid. Since the SIW-based power combiner
is embedded into the top laminate, its performance strongly depends on the substrate
material properties. Astra MT77 laminate is characterized up to 100 GHz, where it
shows acceptable performance with εr = 3.66 and tanδ = 0.0015 [129]. The laminate
area corresponding to the die footprint is covered by a solder resist with a thickness of
12 µm, as shown in Figure 4.22. It prevents forming of solder bridges between closely
spaced pads as well as simplifies die-laminate alignment. The solder resist openings
are 100 µm in diameter and are covered by an organic solderability preservative
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Table 4.3: Measured surface roughness statistic of the fabricated board

Parameter Description Value, [nm]

Ra Average roughness 341

Rq RMS roughness 435

Rt Maximum peak-to-valley difference 2155

Rp Maximum peak height 755

Rv Maximum valley depth 1400

(OSP) surface finish, which protects the copper pads from oxidation [130]. In order
to interconnect the top and bottom laminates to the middle core, FR4 prepreg with
a thickness of 150 µm is used.

Figure 4.23 (a) shows the photo of the fabricated reticle. The SIW-based power
combiner and its two back-to-back configurations occupy an area of 16 × 16 mm2.
Figure 4.23 (b) shows the x-ray image of the board area corresponding to the chip
footprint. The image indicates a grid configuration of the distributed ground on the
top metal layer covered by the solder resist and positions of blind metalized vias. The
vias must realize efficient RF and thermal connections between the chip and laminate
ground planes.

The chosen way of on-laminate probing demands specific mechanical properties
of a surface finish, which is deposited on the corresponding contact pads. In order
to achieve a reliable electrical contact between the laminate and probe’s tips as well
as to avoid their mechanical breaking due to the excessive surface hardness, the Cu
pads are covered by a thick layer of pure soft Au. The latter also eliminates the need
for a lossy intermediate Ni layer, which intends to prevent metal migration when the
Au layer is too thin [131]. The fabricated board cross-section indicating the metal
content of the top traces is shown in Figure 4.24 (a). The image is a result of the
performed scanning electron microscopy [132]. It allows evaluating the thickness of
Au and Cu layers, which are in order of 6 µm and 23 µm, respectively.

The deposition of such a thick Au layer is accompanied by many technological
challenges resulting in higher average surface roughness, which significantly impacts
losses at mm-Wave frequencies [Paper G]. The measured surface roughness map of
the board top metal layer covered by Au is shown in Figure 4.24 (b). The measured
statistic parameters of the surface roughness calculated over the area of 100×100 µm2

are summarized in Table 4.3. Despite the moderate root-mean-square (RMS) rough-
ness of 435 nm, the maximum peak height and valley depth reaches a 1 µm level,
which exceeds skin depth at Ka-band. To take into account the realistic surface
roughness in EM simulations, the measured parameters are used to make a more
accurate equivalent surface model in Ansys HFSS [133].

The flip-chip interconnection between the die and laminate is realized using an
Au stud bumping process [134,135]. It allows one to realize the desired 180 µm pitch
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(a) (b)

(c) (d)

Figure 4.25: Photos illustrating preparation flow of the die for flip-chip interconnection: (a) Wafer
dicing; (b) Bumps bonding; (c) Bumps planarizing; (d) Solder jetting.

between adjacent interconnections while offers low parasitic inductance [136]. In
contrast to a solder bumps process, Au stud bumping does not require specific under
bump metallization, which is needed to connect solder bumps to bond pads and avoid
diffusion of metals into the die. Moreover, Au stud bumps allow the enforcement of
heat transfer from the die into the laminate since their thermal resistance is 5× lower
compared to SAC305 solder bumps.

Due to the relatively small amount of samples, stud bumping is performed on a
single-chip level, as shown in Figure 4.25. The Au stud bumping process stats as
a convention wire bonding process from ball bonding. However, instead of forming
a traditional wire-bond loop, the wire is cut just above the ball to keep a bump on
the die pad, as shown in Figure 4.25 (b). The height of obtained bumps might vary
a lot, which causes open circuits as well as non-balanced mechanical stress leading
to the die fractures [137]. Therefore, at the next step, the bumps are planarized to
make their height consistent (See Figure 4.25 (c)). The last step is solder jetting on
top of the planarized stud bumps, as shown in Figure 4.25 (d). The height of stud
bumps is 32 µm while their diameter is 65 µm. Once the die is completely bumped,
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it is flipped and attached to the substrate by a reflow process. The die alignment
to the corresponding solder mask openings on the laminate is performed using x-
ray imaging. To ensure a good mechanical connection and minimize the stresses
occurring due to differences in thermal expansion of the die and laminate, the gap
between the flipped die and laminate is usually filled by underfilling compounds.
However, this step is not essential for the present design due to the sufficient amount
of closely-spaced stud bumps and therefore is omitted.

4.3.3 Experimental Setup

Although the combined PA has the same performance metrics as the previously tested
PA-cell, the measurement setup required for its testing has significant differences.
The latter results from the need to eliminate various thermal effects occurring in the
closely spaced parallel PA-cells in the large-signal regime. Moreover, on-laminate
measurements require the use of different probes and calibration substrates.

Small-signal measurements of the combined PA and the corresponding passive
back-to-back configurations are directly performed using a 67 GHz Keysight PNA-
X VNA in conjunction with 200 µm pitch GSG RF probes suitable for landing on
laminate. In order to de-embed effects of the probes from measurement results, a
SOLT calibration substrate is used. The biasing voltages required for the combined
PA are applied through two 125 µm pitch Eye-Pass DC probes, each of which has
four power tips. External biasing from both sides allows keeping on-chip DC routing
lines symmetric as well as reducing the effect of their electrical resistance.

In contrast to a single PA-cell, whose large-signal measurements have been per-
formed in continuous wave (CW) mode, large-signal performance evaluation of the
combined PA requires a more sophisticated approach. Since the combined PA chip
has four parallel PA-cells placed in close proximity to each other, their operation
in CW mode at large power levels might lead to excessive heat generation, which
causes a significant temperature increase. The latter renders measured data worth-
less because of the temperature-dependent behavior of semiconductor devices, which
results in reducing their effective ft/fmax and output power due to the decreased car-
rier velocity [138,139]. To eliminate these undesired thermal effects, the large-signal
performance of the combined PA is measured in a pulsed regime [140]. Figure 4.26
shows a block diagram of the pulsed mode test bench. Pulse modulation is performed
using a programmable digital signal generator Keysight E8257D supporting custom
envelope waveforms. In the present case, the sequence of rectangular pulses of the
fixed width, τp, and repetition frequency, Fp, is used as an envelope signal. By using
an appropriate duty cycle, τp · Fp, the average power can be reduced significantly
while maintaining high peak power [141]. Operation at lower average power levels
allows one to reduce heat generation and hence minimize thermal effects. Assuming
the ideal pulse-modulated signal, the PA peak output power can be expressed as:
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4.3. Combined Power Amplifier

Ppeak =
Pavg

τp · Fp

, (4.2)

where Pavg is the measured average output power. In order to evaluate the efficiency of
the PA, its peak DC biasing current, Ipeak, could be evaluated from the corresponding
measured average current, Iavg:

Ipeak =
Iavg − I0

τp · Fp

+ I0, (4.3)

where I0 is the measured quiescent biasing current. The chosen pulse duty cycle
should be sufficiently low to avoid device self-heating effects. At the same time,
τp should be large enough to achieve steady-state operating conditions [142]. By
balancing these guidelines, acceptable ranges of pulse duration and duty cycle are
found to be 1–25 µS and 10–25 %, respectively.

To drive the DUT with high power, a preamplifier followed by an isolator is
employed, as shown in Figure 4.26. The isolator ensures that possible reflections
from the DUT input port do not affect the preamplifier performance, which is taken
into account during the initial calibration. Figure 4.26 shows the positions of two
calibration reference planes, where actual input power levels are checked. The latter is
needed for calculation of the PA large-signal gain. To evaluate the efficiency of the PA,
Iavg is measured by a DC power supply with a remote interface. The PA output power
is measured by a three-path diode power sensor R&S NRP40SN, which is placed on
the same movable manipulator as the output RF probe (See Figure 4.27). The latter
allows one to avoid measurement uncertainties caused by bending of interconnecting
coaxial cables. The expected measurement uncertainty does not exceed 0.3 dB and
2% for output power and efficiency, respectively. The setup is equipped with a discrete
attenuator to remain the measuring output signal within the power sensor dynamic
range.

4.3.4 Performance Evaluation

This sub-section presents the overall performance of the designed Watt-level spatial
power-combined PA with a particular focus on the following metrics: small-signal
forward gain, saturated output power, and PAE over the operating frequency band.
The measured performance is compared with the corresponding simulations of the
complete PA model described in Section 4.3.1. Moreover, to evaluate the relative
output power increase and possible PAE degradation after combining four PA-cells,
the measured individual PA-cell performance is indicated as a reference.

Prior to performing the combined PA tests, it is necessary to evaluate the per-
formance of the on-laminate power combiner in its two back-to-back configurations:
the complete back-to-back configuration (II) and the configuration excluding the ar-
rangments of four MLs (I), as shown in Figure 4.23 (a). These initial tests allow one
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Figure 4.28: The measured and simulated (a) |S21| and (b) |S11| of the complete power combiner
in a back-to-back configuration (II). The set of curves shows the spread between different samples.
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Figure 4.29: Comparison between the measured |S21| of different back-to-back configurations, as
shown in Fig. 4.23 (a). The set of curves shows the spread between the different samples.

to verify that the board manufacture has been done properly as well as to charac-
terize losses in the power combiner and hence to predict the combined PA output
power. The measured and simulated reflection coefficient, |S11|, and transmission
coefficient, |S12|, of the power combiner in the complete back-to-back configuration
(II) are shown in Figure 4.28 (a) and (b), respectively. The set of curves corresponds
to different fabricated samples. The measured |S11| does not exceed −10 dB over
the frequency range of 22.5 − 38.5 GHz. The obtained |S12| reaches −1.2 dB at
28 GHz and remains ≥ −1.7 dB over the 22 − 38 GHz frequency range. Therefore,
the expected power reduction due to the combiner insertion losses is 0.6 dB in the
middle of the operation band. All tested samples demonstrate a similar performance,
which confirms the low sensitivity of the design to fabrication uncertainties. The
measured results are in good agreement with simulations (shown by dashed lines),
which verifies the correctness of the built EM model accounting for the impact of the
realistic surface roughness on insertion losses. The latter is essential for the present
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Figure 4.30: Simulated (dashed) and measured (solid) small-signal performance of the designed
spatial power-combined PA. The results correspond to the sample with the highest measured gain.
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Figure 4.31: The measured (a) forward power gain, |S21| and (b) input port reflection coefficient,
|S21|, of the spatial power-combined PA. The set of curves corresponds to different samples. The
simulations are shown by the black dashed line.

design since, as shown in [Paper G], insertion losses are mainly caused by the realis-
tic surface roughness, which becomes comparable with skin-depth at Ka-band. The
measured |S12| of the complete back-to-back configuration (II) and the configuration
excluding the arrangments of four MLs (I) are shown in Figure 4.29 by dashed and
solid lines, respectively. As one can see, the relative difference between the |S12| of
corresponding configurations does not exceed 0.5 dB. Thus, a single arrangement of
four MLs has only 0.25 dB insertion losses. The remaining losses in the combiner are
attributed to the SIW with tapered ML transition, which is required for test purposes
only and in the future will be replaced by an antenna element. Figure 4.30 shows
the small-signal performance of the combined PA7 over the 20 − 40 GHz frequency

7Sample with the highest measured gain
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range. The forward power gain, |S21|, reaches 13.8 dB at 23.2 GHz and remains above
10.8 dB over the 21.7− 29.5 GHz frequency range, resulting in 3-dB gain bandwidth
of 30%. The input reflection coefficient, |S11|, does not exceed −10 dB over the
21.2−32.6 GHz range, resulting in 42% fractional bandwidth. The measured reverse
isolation, |S12|, does not exceed −38 dB, which implies the circuit stability. Although
the measured low-signal curves exhibit similar behavior to the corresponding simu-
lations, the minimum of |S11| and hence the maximum peak gain are shifted towards
the lower frequencies. This is primary caused by inaccurate modeling of the solder
mask effects on the input power splitter. Figure 4.31 (a) and (b) show the spread in
low-signal performance of different tested samples in terms of their |S11| and |S21|,
respectively. As one can see, for most of the samples, the curves are close to each
other and demonstrate the relative spread comparable to one of the individual PA-
cells (cf. Section 4.2). However, sample #2 exhibits a 1 dB lower gain over the range
of 22− 26 GHz compared to the rest of the tested samples, which is believed caused
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Figure 4.32: Comparison between the measured (solid red line) and simulated (dashed red line)
saturated output power levels of the combined PA. The blue line shows the measured saturated
output power of the PA-cell.
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Figure 4.33: The measured (solid red line) and simulated (dashed red line) maximum peak PAE of
the combined PA. The blue line shows the corresponding results of the PA-cell.
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by assembly imperfections. In the present design, the effects of assembly imperfec-
tions are dominating over wafer-to-wafer process variation. Therefore, the further
reported large-signal performance of the combined PA corresponds to the sample
with the highest measured small-signal forward gain.

Figure 4.32 shows the measured (solid) and simulated (dashed) saturated output
power of the combined PA under the default biasing voltages (cf. Section 4.2.2).
The measured saturated output power of the PA-cell is shown by the blue line as the
reference. The measured saturated output power reaches 30.0 dBm level at 25.5 GHz
and remains above 29 dBm over the 23.0 GHz to 31.1 GHz frequency range, resulting
in 29.9% 1-dB fractional bandwidth. As one can see, the obtained average relative
power increase with respect to the PA-cell is around 4.5 dB, which is 1.5 dB lower
compared to an ideal 4-way combining. This difference is caused by the losses in the
combiner itself and in chip-laminate interconnections, which are 0.8 dB and 0.7 dB,
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Figure 4.34: The measured (a) output power, (b) maximum peak PAE, (c) forward power gain of
the combined PA versus input power at 28 GHz. The set of curves corresponds to different values
of V main.
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respectively. The measured (solid) and simulated (dashed) PAE of the combined PA
are shown in Figure 4.33. The measured peak PAE remains above 19% over the
entire 1-dB power bandwidth and reaches the maximum value of 26.0% at 28.0 GHz.
Compared to the individual PA-cell, the obtained PAE values are lower, which is
caused by the above-mentioned losses in the combiner and interconnections leading
to PAE reduction. The differences between the measurements and simulations are
similar to the ones of the PA-cell and mainly attributed to the limited accuracy of
the Si substrate EM model and complex distributed effects in the relatively large
devices.

Although the PA-cell has been originally optimized assuming the fixed collec-
tor voltage, Vmain = 5 V, its active circuitry can still operate within the stable-
operating-area (SOA) at higher values of Vmain. The SOA of the individual devices
is defined as an area in the voltage-current plane bounded by operation points at
which electro-thermal instability occurs, leading to the device self-damage [143,144].
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Figure 4.35: Comparison between the measured (a) saturated output power levels and (b) maximum
peak PAE of the combined PA under different values of V main. The corresponding simulation results
are shown by the dashed line.
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Based on the performed large-signal simulations, the operation point corresponding
to Vmain = 5.5 V is still within the SOA. However, the further increase of Vmain leads
to electro-thermal breakdown of the CB device. Figure 4.34 exemplifies the effect of
the increased collector voltage on the output power, PAE, and forward gain of the
combined PA. These results are obtained from the performed input power sweeps
at 28 GHz. As one can see, increasing V main allows achieving higher output power,
whereas the low-signal gain does not change. Thus, the higher input power is required
to drive the PA into its compression, and as a consequence, the PAE maximum is
shifted (See Figure 4.34 (b)). The measured gain of the combined PA has negligible
variation over the different input power levels in the region before saturation, which
confirms its inherent linearity.

The measured saturated output power and maximum peak PAE of the combined
PA for the default (5.0 V) and the increased (5.5 V) values of V main are shown in
Figure 4.35 (a) and (b), respectively. As expected, for both cases the saturated output
power and maximum peak PAE exhibit similar behavior over the frequency. However,
the increase of V main allows one to reach 0.8 dB higher power levels on average. The
latter results from the corresponding increase of voltage swing across the CB devices.
Since the increase of V main also leads to higher DC power consumption, the obtained
levels of peak PAE are similar for both cases.

4.4 Summary

The performance of the developed Watt-level PA and its individual PA-cell is sum-
marized and compared with published state-of-the-art Si-based Ka/V-band PAs with
a saturated output power of 23 dBm and larger [49, 61, 105, 145–149], as shown in
Table 4.4. The key performance metrics are the saturated output power and its 1-dB
bandwidth as well as maximum peak PAE and minimum peak PAE over the entire
1-dB power bandwidth.

As one can see, due to the relatively low breakdown voltage of silicon devices,
the reported high-power PAs are based on combining signals from multiple smaller
PA-cells. Although PAs working in switching modes, such as Class-E [148], have
inherently high efficiency resulting from appropriate shaping of collector/drain volt-
age and current waveforms, most of the reported PA-cells operate in Class-AB. The
latter results from better linearity of Class-AB PAs supporting complex modulation
schemes without the need for major digital pre-distortion. However, Class-AB oper-
ation implies the fundamental limitation on the peak efficiency, which in practice is
even more reduced due to various parasitic effects in large distributed devices as well
as losses in output matching circuits and power combiners. In the present design,
at the individual PA-cell level, these problems have been overcome by the carefully
designed and optimized layout of the cascode configuration and low-loss baluns (See
Section 4.2). As a result, the developed PA-cell has a wideband performance (38.6%)
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Figure 4.36: Performance comparison with state-of-the-art SiGe PAs at Ka/V-band: (a) Maximum
peak PAE versus saturated power; (b) Minimum peak PAE over the entire 1-dB power bandwidth
versus saturated power. The corresponding values of 1-dB power bandwidth are indicating in the
squared brackets.

with both high PAE (30%) and high output power (24.9 dBm), which is the highest
reported output power level obtained without the use of circuit-level power combin-
ing in Si-based technologies at Ka-band. Therefore, the developed PA-cell fulfills all
the initial requirements to be a building block of the combined Watt-level PA (cf.
Section 4.1).

In contrast to the previous designs where various on-chip power combining so-
lutions are employed, in the present work, the array parallel PA-cells is interfaced
to the low-loss spatial power combiner placed on the laminate. Thus, the presented
performance metrics of the combined PA correspond to the output reference plane
located on the laminate and hence include the effect of interconnection losses be-
tween the chip and laminate (0.5 − 0.8 dB). The latter is opposed to the previous
works reporting the results of on-wafer measurements only, which ignore potential
interconnection losses.

The combined PA, including four PA-cells, achieves the peak PAE of 26.7% in
combination with 30.8 dBm maximum saturated output power, which is the highest
achievable output power in practical applications, where the 50-Ω load is placed on
a laminate. The high efficiency (≥ 20%) and output power (≥29.8 dBm) over a
wide frequency range (30%) exceed the state-of-the-art in Si-based PAs to the best
of the author’s knowledge. The achieved excellent performance of the combined PA
is made possible by the proposed architecture with low-loss (0.6 dB) and wideband
(54%) parallel spatial power combiner.

Figure 4.36 illustrates key performance metrics of the different Si-based PA re-
alizations of Table 4.4. As one can see, combining four PA-cells results in a 5.1-dB
maximum boost in output power with only 5% point degradation in PAE compared
to a stand-alone PA-cell. Such an almost linear power scaling with low PAE re-
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4.4. Summary

duction has been achieved using the proposed dedicated optimization flow, which
considers various critical multiphysics effects occurring in the joint structure (See
Sub-section 4.3.1). The joint EM-circuit-thermal optimization included in the design
flow takes into account the effects of mutual coupling between closely spaced PA-
cells, distributed DC feeding lines, and interconnections to laminate. Moreover, the
used multi-physics approach allows mitigating the thermal issues caused by a high
power density in a relatively small chip. Ignoring the above effects in the design flow
leads to inaccurate modeling and suboptimal system-level performance. The demon-
strated good agreement between simulations and measurements (∆P sat = 0.8 dBm,
∆PAE = 5%) confirms the high simulation accuracy of the developed PA model.

87



88



Chapter 5
Conclusions

5.1 Summary and Achievements

In this work new power combining and integration solutions for efficient Watt-level
mm-Wave transmitters in Si-based technologies have been developed and experi-
mentally demonstrated. The main goal was to maximize output power and energy
efficiency in combination with a wide operation bandwidth while maintaining a com-
pact size for potential applications in dense antenna arrays with electrically small
inter-element distances.

For this purpose, several novel contributions have been made that are summarized
below according to the established specific objectives (cf. Section 1.2).

Contribution area 1. A novel power-combining architecture, where an array of
parallel custom PA-cells suited on the same chip is interfaced with a single SIW placed
on a laminate, has been developed. This allows one to directly excite SIW modes
with high power through spatial power combining functionality, obviating the need
for potentially lossy on-chip power combiners, which dramatically reduce efficiency
and limit operation bandwidth. Moreover, it has simultaneously wide impedance
bandwidth (50%) and low insertion losses (0.4 dB) while offering a compact planar
form factor.

– The scalability of the proposed architecture in terms of the number of interfaced
PA-cells has been investigated with the help of an approximate impedance
matching model. The results obtained in Chapter 2 show that employing an
appropriate substrate allows to interface up to 30 PA-cells with 50-Ω optimal
load impedance into a single-mode SIW at Ka-band. Since the insertion losses
in parallel power combing are virtually independent of the number of interfaced
PA-cells, the proportional power increase is achieved. Therefore, the proposed
architecture is a key enabler for high-power PAs at mm-Wave frequencies.
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Chapter 5. Conclusions

– An essential factor that has been addressed in the combined PA design pro-
cedure is mutual coupling effects between parallel PA-cells, which might be
reduced by employing on-chip isolation load resistors. The performed study
shows that using isolation resistors makes the proposed power-combining so-
lution comparable with the classical Wilkinson power combiner in terms of
sensitivity to non-uniform excitations.

– The proposed concept has been validated in the presence of critical effects of
coupled PAs and in combination with a realistic antenna element. To do that, a
4:1 power combining module with a standard WR-28 output interface has been
designed. The active performance of the module has been tested in combination
with a commercial multichannel transmitter. The developed power-combining
module facilitates efficient mm-Wave power generation over a 42% bandwidth
(24.5− 37.8 GHz) with the measured total power losses less than 0.7 dB. The
PA-cell requirements in such a quad-channel transmitter configuration in terms
of the difference between the PA-cell gains have been found within ±15◦ and
±1 dB for ≤ 1 dB power loss. The results of over-the-air tests presented in
Chapter 3 confirm that the multi-port excitation has a negligible effect on the
fed antenna pattern.

Contribution area 2. The developed PA architecture has been demonstrated
through an example of the combined Watt-level PA containing four custom PA-cells
implemented in 0.25 µm SiGe:C BiCMOS technology. It achieves the peak PAE of
26.7% in combination with 30.8 dBm maximum saturated output power, which is
the highest achievable output power in practical applications, where the 50-Ω load
is placed on a laminate. The achieved excellent performance of the combined PA
is made possible by the proposed architecture and more holistic multiphysics design
flow.

– The custom PA-cell based on a differential cascode configuration operating in
Class-AB has been developed. It allows achieving both high gain and wide op-
eration bandwidth by eliminating the Miller effect. The PA-cell design and
optimization aspects are described in detail in Chapter 4 with special at-
tention to the compensation of active circuitry parasitics and EM modeling
of passive components. The developed stand-alone PA-cell has a wideband
performance (38.6%) with both high PAE (30%) and high saturated output
power (24.9 dBm), which is the highest reported output power level obtained
without the use of circuit-level power combining in Si-based technologies at
Ka-band. The high output power and efficiency result from the differential con-
figuration with minimized parasitic effects of multiple interconnected devices
and the carefully designed output balun, which converts differential signals to
single-ended and performs impedance matching while providing low insertion
losses.
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5.2. Future Perspectives

– Various critical multiphysics effects occurring in the joint structure have been
taken into account using the proposed multiphysics design flow, including joint
EM-circuit-thermal optimization. It allows achieving the optimal system-level
large-signal performance of the combined PA while mitigating the thermal is-
sues caused by a high power density in a relatively small chip. Moreover, Chap-
ter 4 includes important practical considerations regarding the fabrication and
assembly of the combined PA as well as its performance testing.

– The combined Watt-level PA containing four parallel PA-cell fed by an on-chip
power divider has been developed and tested. To evaluate and minimize the
negative effects of various imperfections occurring in fabrication and assembly
processes on the PA performance, their impact has been investigated by testing
multiple samples. The obtained high PA efficiency (≥ 20%) and output power
(≥29.8 dBm) over a wide frequency range (30%) exceed the state-of-the-art in
Si-based PAs.

5.2 Future Perspectives

Since the present work has a relatively wide multidisciplinary scope covering both an-
tenna and circuit designs, there are multiple perspective directions for future research
and development.

Antenna design directions:

The tapered ML transition used in the Watt-level PA on the other side of the
combiner to make a conventional GSG output interface could be replaced by an
SIW-fed antenna element. For example, it could be done in a similar fashion as in
the power-combining module described in Section 3. Owing to its relatively small
size in terms of wavelength, such an active antenna element with the desired spatial
power combining functionality could be potentially used as a building block of beam
steering high-EIRP array antennas [150–152]. Moreover, on an individual antenna
element level, multiport feeding could be used to generate the higher-order modes,
which provides extra degrees of freedom for obtaining additional functionalities, such
as polarization diversity.

Circuit design directions:

In the present work, the proposed PA architecture has been elaborated on an
example of the PA containing four PA-cells. However, as shown in Chapter 2, there
are no fundamental limitations on accommodating up to 30 PAs to a single-mode
SIW at Ka-band. Therefore, further output power increase could be based on scaling
up the original design. The multiphysics effects occurring in the joint structure
could be addressed by the same EM-circuit-thermal optimization. Moreover, the
efficiency of the combined PA could be increased by using PA-cells operating in
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Chapter 5. Conclusions

switching mode [153,154]. The desired collector voltage and current waveforms could
be achieved by introducing a tank resonant circuit in the SIW-based power combiner.

Although the proposed power-combining architecture has been originally devel-
oped to facilitate efficient high power generation, it could also be used in the context
of parallel low-noise amplifiers (LNAs) [155]. In this case, the active impedance of
ML ports should be optimized to realize optimal noise matching. The performed
initial study (not included in this thesis) shows that using multiple parallel LNAs
allows one to significantly improve the linearity of Rx chain without increasing noise
figure. Therefore, the proposed architecture could be extended to a complete Tx/Rx
front-end.
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gren, M. Dieudonne, and M. Ivashina, “A Ka-band active integrated antenna
for 5G applications: Initial design flow,” in 2018 2nd URSI Atlantic Radio
Science Meeting (AT-RASC), 2018, pp. 1–4.

[101] A. Roev, P. Taghikhani, R. Maaskant, C. Fager, and M. V. Ivashina, “A wide-
band and low-loss spatial power combining module for mm-Wave high-power
amplifiers,” IEEE Access, vol. 8, pp. 194 858–194 867, 2020.

[102] M. M. R. Esmael, M. A. Y. Abdalla, and I. A. Eshrah, “A 19-43 GHz linear
power amplifier in 28nm bulk CMOS for 5G phased array,” in 2019 IEEE
Topical Conference on RF/Microwave Power Amplifiers for Radio and Wireless
Applications (PAWR), 2019, pp. 1–3.

[103] M. Chang and G. M. Rebeiz, “A 26 to 40 GHz wideband SiGe balanced power
amplifier IC,” in 2007 IEEE Radio Frequency Integrated Circuits (RFIC) Sym-
posium, 2007, pp. 729–732.

[104] I. Somesanu and H. Schumacher, “A highly compact, 16.8 dBm Pgat Ka-band
power amplifier in 250 nm SiGe:C BiCMOS,” in 2017 IEEE Nordic Circuits and

102



References

Systems Conference (NORCAS): NORCHIP and International Symposium of
System-on-Chip (SoC), 2017, pp. 1–4.

[105] J. Essing, D. Leenaerts, and R. Mahmoudi, “A 27 GHz, 31 dBm power amplifier
in a 0.25 µm SiGe:C BiCMOS technology,” in 2014 IEEE Bipolar/BiCMOS
Circuits and Technology Meeting (BCTM), 2014, pp. 143–146.

[106] W. Tai, L. R. Carley, and D. S. Ricketts, “A 0.7 W fully integrated 42 GHz
power amplifier with 10% pae in 0.13µm SiGe BiCMOS,” in 2013 IEEE Inter-
national Solid-State Circuits Conference Digest of Technical Papers, 2013, pp.
142–143.

[107] J. A. Han, Z.-H. Kong, K. Ma, and K. S. Yeo, “Recent progress in silicon-
based millimeter-wave power amplifier,” in 2012 IEEE Asia Pacific Conference
on Circuits and Systems, 2012, pp. 184–187.

[108] N. Demirel, E. Kerherve, D. Pache, and R. Plana, “Design techniques and con-
siderations for mmwave SiGe power amplifiers,” in 2009 SBMO/IEEE MTT-S
International Microwave and Optoelectronics Conference (IMOC), 2009, pp.
37–41.

[109] S. Shakib, J. Dunworth, V. Aparin, and K. Entesari, “mmWave CMOS power
amplifiers for 5G cellular communication,” IEEE Communications Magazine,
vol. 57, no. 1, pp. 98–105, 2019.

[110] R. Pierco, T. De Keulenaer, G. Torfs, and J. Bauwelinck, “Analysis and design
of a high power, high gain SiGe BiCMOS output stage for use in a millimeter-
wave power amplifier,” in 2014 10th Conference on Ph.D. Research in Micro-
electronics and Electronics (PRIME), 2014, pp. 1–4.

[111] J. M. Miller, “Dependence of the input impedance of a three-electrode vacuum
tube upon the load in the plate circuit,” Scientific Papers of the Bureau of
Standards, vol. 15, no. 351, pp. 367–385, 1920.

[112] R. C. Jaeger and G. A. Hellwarth, “On the performance of the differential
cascode amplifier,” IEEE Journal of Solid-State Circuits, vol. 8, no. 2, pp.
169–174, April 1973.

[113] J. Y. Liu, Q. J. Gu, T. LaRocca, N. Wang, Y. Wu, and M. F. Chang, “A 60 GHz
high gain transformer-coupled differential power amplifier in 65nm CMOS,” in
2010 Asia-Pacific Microwave Conference, 2010, pp. 932–935.

[114] L. C.-H. Ivan, I. Chiaki, and F. Minoru, “CMOS on-chip stacked Marchand
balun for millimeter-wave applications,” IEICE Electronics Express, vol. 4,
no. 2, pp. 48–53, 2007.

103



References

[115] H. Yen, G. Huang, Y. J. Shiao, and F. Huang, “A compact millimeter-wave
broadband stacked coupled balun,” in 2012 Asia Pacific Microwave Conference
Proceedings, 2012, pp. 992–994.
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Wide-Band Spatially Distributed TE10 Substrate

Integrated Waveguide Transition for High-Power

Generation at mm-Wave Frequencies

Artem Roev, Rob Maaskant, Marianna Ivashina, and Anders Höök

Abstract

An array of microstrip lines is used for the direct excitation of the spa-
tially distributed TE10 substrate integrated waveguide (SIW) mode. The
proposed configuration can generate 4× more power with a 4× smaller
form factor relative to a single microstrip-to-SIW transition, while offer-
ing a larger bandwidth. This is an important step toward the generation
of high power in densely integrated mm-wave antenna systems.

1 Introduction

The generation and transmission of high power is a major challenge at mm-wave fre-
quencies, since the atmospheric propagation and material losses are significant and
increase as frequency increases. This is further exacerbated by the fact that semi-
conductors reduce in size and deliver less power when moving up into the mm-wave
frequency region. Hence, more transistors are needed to overcome these limitations,
but will collectively generate more heat. These problems must be overcome to, for
instance, enable the high data throughputs that are envisioned for future 5G com-
munication systems.

Substrate integrated waveguide (SIW) technology offers a low-cost low-profile
mm-wave integration solution. However, a transition is needed to interface the prin-
cipal SIW electromagnetic field mode to a single network node, or TEM-type trans-
mission line (TL), so that a circuit component can be connected. A typically em-
ployed microstrip-to-SIW transition is shown in Figure 1 (a), where a tapered section
is proposed to transform the distributed SIW to the spatially confined microstrip TL
mode [1], [2]. We propose a transition that is more compact (no TL tapering needed)
by interfacing an array of amplifiers to a single SIW port. This allows to directly
feed the spatially distributed TE10 single SIW mode with high power. Note that
this is different from the multi-mode concept in [3]. Our transition also exhibits
larger impedance bandwidth characteristics. The proposed concept is illustrated in
Figure 1 (b).
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challenge at mm-wave frequencies, since the atmospheric 
propagation and material losses are significant and increase as 
frequency increases. This is further exacerbated by the fact that 
semiconductors reduce in size and deliver less power when 
moving up into the mm-wave frequency region. Hence, more 
transistors are needed to overcome these limitations, but will 
collectively generate more heat. These problems must be 
overcome to, for instance, enable the high data throughputs that 
are envisioned for future 5G communication systems. 

Substrate integrated waveguide (SIW) technology offers a 
low-cost low-profile mm-wave integration solution. However, 
a transition is needed to interface the principal SIW 
electromagnetic field mode to a single network node, or TEM-
type transmission line (TL), so that a circuit component can be 
connected. A typically employed microstrip-to-SIW transition 
is shown in Fig. 1(a), where a tapered section is proposed to 
transform the distributed SIW to the spatially confined 
microstrip TL mode [1], [2]. 

We propose a transition that is more compact (no TL 
tapering needed) by interfacing an array of amplifiers to a 
single SIW port. This allows to directly feed the spatially 
distributed TE10 single SIW mode with high power. Note that 
this is different from the multi-mode concept in [3]. Our 
transition also exhibits larger impedance bandwidth 
characteristics. The proposed concept is illustrated in Fig. 1(b). 

II. DESIGN DETAILS

Our design aims at operating in the K/Ka-Band and is based on 
the proposed concept in Fig. 1(b) with indicated geometrical 
parameters. The structure is built on an RT5880 laminate with 
substrate thickness 0.127 mm and relative dielectric constant 
εr = 2.2. The low dissipation factor (tan δ @ 10 GHz = 0.0009), 
thereby extending the applicability of RT5880 to Ka-band and 
above. Our specific design employs four parallel microstrip 
lines, each of which is terminated by 50 Ohm to represent the 
output resistance of a power amplifier. To expedient the 
simulations, the SIW vias were replaced by conductive side 
walls. Perfect Electric Conductors were used for the metals. 
Regarding Fig. 1, the optimized designs for best impedance 
match are (in mm): w=2.4; L2=6.5; L1=1.54; w1=0.54; w2=0.68; 
g1=0.5; g2=0.39. The SIWs are identical, width=7.11. 

III. NUMERICAL RESULTS

Fig. 2 shows the field propagation inside the SIW and the 
coupled fields to the microstrip TLs when the SIW port is 
excited by the TE10 mode (i.e. receive mode). When 
transmitting, the active reflection coefficients of the microstrip 
TLs should be considered due to the strong electromagnetic 
coupling between them. The simulated active and passive 
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Fig. 1: (a) Classical single microstrip-to-SIW transition; (b) 
Proposed multi-channel transition and optimization parameters. 

Wide-Band Spatially Distributed TE10 Substrate 
Integrated Waveguide Transition for High-Power 

Generation at mm-Wave Frequencies 
Artem Roev #1, Rob Maaskant #,†2, Marianna Ivashina #3, and Anders Höök *4 

# Department of Signals and Systems, Chalmers University of Technology, Gothenburg, Sweden 
† Electromagnetics Group, Eindhoven University of Technology, The Netherlands 

1 roev@chalmers.se 
2 rob.maaskant@chalmers.se | r.maaskant@tue.nl 

3 marianna.ivashina@chalmers.se 
* SAAB AB, Gothenburg, Sweden

4 anders.hook@saabgroup.com

Abstract—An array of microstrip lines is used for the direct 
excitation of the spatially distributed TE10 substrate integrated 
waveguide (SIW) mode. The proposed configuration can generate 
4x more power with a 4x smaller form factor relative to a single 
microstrip-to-SIW transition, while offering a larger bandwidth. 
This is an important step toward the generation of high power in 
densely integrated mm-wave antenna systems. 

Keywords—Substrate integrated waveguide; spatial power 
combining; mm-wave systems. 

I. INTRODUCTION

The generation and transmission of high power is a major 
challenge at mm-wave frequencies, since the atmospheric 
propagation and material losses are significant and increase as 
frequency increases. This is further exacerbated by the fact that 
semiconductors reduce in size and deliver less power when 
moving up into the mm-wave frequency region. Hence, more 
transistors are needed to overcome these limitations, but will 
collectively generate more heat. These problems must be 
overcome to, for instance, enable the high data throughputs that 
are envisioned for future 5G communication systems. 

Substrate integrated waveguide (SIW) technology offers a 
low-cost low-profile mm-wave integration solution. However, 
a transition is needed to interface the principal SIW 
electromagnetic field mode to a single network node, or TEM-
type transmission line (TL), so that a circuit component can be 
connected. A typically employed microstrip-to-SIW transition 
is shown in Fig. 1(a), where a tapered section is proposed to 
transform the distributed SIW to the spatially confined 
microstrip TL mode [1], [2]. 

We propose a transition that is more compact (no TL 
tapering needed) by interfacing an array of amplifiers to a 
single SIW port. This allows to directly feed the spatially 
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Fig. 1: (a) Classical single microstrip-to-SIW transition; (b) 
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Figure 1: (a) Classical single microstrip-to-SIW transition; (b) Proposed multi-channel transition
and optimization parameters.

2 Design Details

Our design aims at operating in the K/Ka-Band and is based on the proposed concept
in Figure 1 (b) with indicated geometrical parameters. The structure is built on an
RT5880 laminate with substrate thickness 0.127 mm and relative dielectric constant
εr = 2.2. The low dissipation factor (tanδ @ 10 GHz = 0.0009), thereby extending
the applicability of RT5880 to Ka-band and above.

Our specific design employs four parallel microstrip lines, each of which is termi-
nated by 50-Ω to represent the output resistance of a power amplifier. To expedient
the simulations, the SIW vias were replaced by conductive side walls. Perfect electric
conductors were used for the metals. Regarding Figure 1, the optimized designs for
best impedance match are (in mm): w = 2.4; L2 = 6.5; L1 = 1.54; w1 = 0.54;
w2 = 0.68; g1 = 0.5; g2 = 0.39. The SIWs are identical, width= 7.11.

3 Numerical Results

Figure 2 shows the field propagation inside the SIW and the coupled fields to the
microstrip TLs when the SIW port is excited by the TE10 mode (i.e. receive mode).
When transmitting, the active reflection coefficients of the microstrip TLs should be
considered due to the strong electromagnetic coupling between them. The simulated
active and passive wave port reflection coefficients of both the proposed transition
and the conventional single-channel tapered microstrip TL are shown in Figure 3.
The simulated multi-channel transition demonstrates a wide bandwidth performance
relative to its single-channel counterpart. The simulated active |Γi| and passive |Sii|
reflection coefficient of the 50-Ω microstrip ports are shown in Figure 4. The ac-
tive reflection coefficients are better than −30 dB over the desired frequency range
(27.5–31.5 GHz). The designed four-channel transition is almost four times more
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channel transition demonstrates a wide bandwidth 
performance relative to its single-channel counterpart.
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The simulated active |Γi | and passive |Sii | reflection 
coefficient of the 50-Ω microstrip ports are shown in Fig. 4. 
The active reflection coefficients are better than -30 dB over 
the desired frequency range (27.5—31.5 GHz). 
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Fig. 4. Simulated active and passive (dashed lines) reflection 
coefficient of the 50 Ω microstrip ports of the proposed transition. 

The designed four-channel transition is almost four times more
compact (Fig. 2) and allows to generate four times higher mm-
wave output power as compared to a conventional tapered 
microstrip transition. 

Fig. 5 shows the microstrip port powers when the wave port 
is excited by 1 W (i.e. receive mode). The power distribution is 
near uniform (i.e. < 25% variation, 250 mW is ideal), implying 
that the power amplifiers in the array are utilized effectively.
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Fig. 5. Simulated power accepted by the microstrip ports when the
wave port is excited by 1 W.

IV. CONCLUSIONS

A novel transition concept based on the direct excitation of 
the TE10 substrate integrated waveguide mode by an array of 
strongly coupled microstrip lines has been proposed. The 
simulated active reflection coefficients of the four-channel 
transition at their microstrip ports and passive reflection 
coefficient at the wave port of a single transition are better than 
-30 dB over the desired frequency range (27.5—31.5 GHz).
The quad-channel transition is four times more compact and
allows to generate four times higher mm-wave output power
compared to conventional tapered microstrip transitions. Its
relatively short length allows to decreases transition losses and
renders the structure suitable for much higher frequencies. The
concept is expected to play a determining role in future mm-
wave communication systems where both high-power
generation and low-loss structures are required.
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The simulated active |Γi | and passive |Sii | reflection 
coefficient of the 50-Ω microstrip ports are shown in Fig. 4. 
The active reflection coefficients are better than -30 dB over 
the desired frequency range (27.5—31.5 GHz). 
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Fig. 4. Simulated active and passive (dashed lines) reflection 
coefficient of the 50 Ω microstrip ports of the proposed transition. 

The designed four-channel transition is almost four times more
compact (Fig. 2) and allows to generate four times higher mm-
wave output power as compared to a conventional tapered 
microstrip transition. 

Fig. 5 shows the microstrip port powers when the wave port 
is excited by 1 W (i.e. receive mode). The power distribution is 
near uniform (i.e. < 25% variation, 250 mW is ideal), implying 
that the power amplifiers in the array are utilized effectively.
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IV. CONCLUSIONS

A novel transition concept based on the direct excitation of 
the TE10 substrate integrated waveguide mode by an array of 
strongly coupled microstrip lines has been proposed. The 
simulated active reflection coefficients of the four-channel 
transition at their microstrip ports and passive reflection 
coefficient at the wave port of a single transition are better than 
-30 dB over the desired frequency range (27.5—31.5 GHz).
The quad-channel transition is four times more compact and
allows to generate four times higher mm-wave output power
compared to conventional tapered microstrip transitions. Its
relatively short length allows to decreases transition losses and
renders the structure suitable for much higher frequencies. The
concept is expected to play a determining role in future mm-
wave communication systems where both high-power
generation and low-loss structures are required.
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wave port reflection coefficients of both the proposed
transition and the conventional single-channel tapered 
microstrip TL are shown in Fig. 3. The simulated multi-
channel transition demonstrates a wide bandwidth 
performance relative to its single-channel counterpart.
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The simulated active |Γi | and passive |Sii | reflection 
coefficient of the 50-Ω microstrip ports are shown in Fig. 4. 
The active reflection coefficients are better than -30 dB over 
the desired frequency range (27.5—31.5 GHz). 

20 24 28 32 36 40

Frequency, [GHz]

-50

-40

-30

-20

-10

0

 [d
B]  1

 2

 S
 

 S
 

Fig. 4. Simulated active and passive (dashed lines) reflection 
coefficient of the 50 Ω microstrip ports of the proposed transition. 

The designed four-channel transition is almost four times more
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Fig. 5 shows the microstrip port powers when the wave port 
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IV. CONCLUSIONS

A novel transition concept based on the direct excitation of 
the TE10 substrate integrated waveguide mode by an array of 
strongly coupled microstrip lines has been proposed. The 
simulated active reflection coefficients of the four-channel 
transition at their microstrip ports and passive reflection 
coefficient at the wave port of a single transition are better than 
-30 dB over the desired frequency range (27.5—31.5 GHz).
The quad-channel transition is four times more compact and
allows to generate four times higher mm-wave output power
compared to conventional tapered microstrip transitions. Its
relatively short length allows to decreases transition losses and
renders the structure suitable for much higher frequencies. The
concept is expected to play a determining role in future mm-
wave communication systems where both high-power
generation and low-loss structures are required.

ACKNOWLEDGMENT 
The work is a part of the «Silicon-based Ka-band massive
MIMO antenna systems for new telecommunication services 
(SILIKA)» project, funded by the European Union’s Horizon 
2020 research and innovation program under the Marie 
Skłodowska Curie grant agreement #721732. 

REFERENCES 
[1] D. Deslandes, “Design equations for tapered microstrip-to-substrate 

integrated waveguide transitions“. IEEE MTT-S Int. Microwave Symp.
Digest, Anaheim, CA, USA, 23–28 May 2010, pp. 704–707. 

[2] Z.X. Wang, P.G. Su, L. Shang and W.B. Dou, “A Waveguide-to-
Microstrip Transition at W-band”, International Conference on
Microwave and Millimeter Wave Technology (ICMMT), May 2010, pp. 
1486–1489. 

[3] A. Suntives and R. Abhari, “Design and application of multimode
substrate integrated waveguides in parallel multichannel signaling
systems,” IEEE Trans. Microw. Theory Techn., vol. 57, no. 2009. pp
1563–1571.

SIW 

wave port

1.54

6.5 PA1 

PA 

dB (E field) 

95 70 75 80 85 90 

PA2 PA3 PA4 

Fig. 2. Magnitude of E-field distribution at 31.5 GHz (real part) 
and sizes (mm) of the proposed multi-channel transition and the
conventional single-channel tapered microstrip transition.

 11

 22

Figure 4: Simulated active and passive (dashed lines) reflection coefficient of the 50-Ω microstrip
ports of the proposed transition.

wave port reflection coefficients of both the proposed
transition and the conventional single-channel tapered 
microstrip TL are shown in Fig. 3. The simulated multi-
channel transition demonstrates a wide bandwidth 
performance relative to its single-channel counterpart.

20 24 28 32 36 40

Frequency, [GHz]

-50

-40

-30

-20

-10

0

S
w

av
ep

or
t

, [
dB

]

tapered microstrip
multi-channel microstrip

Fig. 3. Simulated wave port reflection coefficient of the proposed
multi-channel transition and conventional single-channel tapered 
microstrip transition. 

The simulated active |Γi | and passive |Sii | reflection 
coefficient of the 50-Ω microstrip ports are shown in Fig. 4. 
The active reflection coefficients are better than -30 dB over 
the desired frequency range (27.5—31.5 GHz). 

20 24 28 32 36 40

Frequency, [GHz]

-50

-40

-30

-20

-10

0

S 
,

 , 
[d

B]

 1

 2

 S
 11

 S
 22

Fig. 4. Simulated active and passive (dashed lines) reflection 
coefficient of the 50 Ω microstrip ports of the proposed transition. 

The designed four-channel transition is almost four times more
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is excited by 1 W (i.e. receive mode). The power distribution is 
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IV. CONCLUSIONS

A novel transition concept based on the direct excitation of 
the TE10 substrate integrated waveguide mode by an array of 
strongly coupled microstrip lines has been proposed. The 
simulated active reflection coefficients of the four-channel 
transition at their microstrip ports and passive reflection 
coefficient at the wave port of a single transition are better than 
-30 dB over the desired frequency range (27.5—31.5 GHz).
The quad-channel transition is four times more compact and
allows to generate four times higher mm-wave output power
compared to conventional tapered microstrip transitions. Its
relatively short length allows to decreases transition losses and
renders the structure suitable for much higher frequencies. The
concept is expected to play a determining role in future mm-
wave communication systems where both high-power
generation and low-loss structures are required.
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4 Conclusions

A novel transition concept based on the direct excitation of the TE10 substrate in-
tegrated waveguide mode by an array of strongly coupled microstrip lines has been
proposed. The simulated active reflection coefficients of the four-channel transition
at their microstrip ports and passive reflection coefficient at the wave port of a single
transition are better than −30 dB over the desired frequency range (27.5–31.5 GHz).
The quad-channel transition is four times more compact and allows to generate four
times higher mm-wave output power compared to conventional tapered microstrip
transitions. Its relatively short length allows to decreases transition losses and ren-
ders the structure suitable for much higher frequencies. The concept is expected
to play a determining role in future mm-wave communication systems where both
high-power generation and low-loss structures are required.

116



5. Acknowledgment

5 Acknowledgment

The work is a part of the Silicon-based Ka-band massive MIMO antenna systems for
new telecommunication services (SILIKA) project, funded by the European Union’s
Horizon 2020 research and innovation program under the Marie Sk lodowska Curie
grant agreement �721732.

References

[1] D. Deslandes and K. Wu, “Integrated microstrip and rectangular waveguide in
planar form,” IEEE Microwave and Wireless Components Letters, vol. 11, no. 2,
pp. 68–70, Feb 2001.

[2] C. Wang, H. Wu, and C. C. Tzuang, “A miniaturized power combiner for compact
design of CMOS phase shifter at K-band,” in 2010 IEEE MTT-S International
Microwave Symposium, May 2010, pp. 1–1.

[3] A. Suntives and R. Abhari, “Design and application of multimode substrate inte-
grated waveguides in parallel multichannel signaling systems,” IEEE Transactions
on Microwave Theory and Techniques, vol. 57, no. 6, pp. 1563–1571, June 2009.

117



118



Paperb
Efficient Millimeter-Wave High Power Genera-

tion with Spatial Power-Combined Feeding Ele-

ment

Artem Roev, Rob Maaskant, Anders Höök, and Marianna Ivashina
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Efficient Millimeter-Wave High Power Generation

with Spatial Power-Combined Feeding Element

Artem Roev, Rob Maaskant, Anders Höök, and Marianna Ivashina

Abstract

An efficient transition from a grid of amplifiers to a single substrate in-
tegrated waveguide (SIW) is presented. It is based on the excitation of
the spatially distributed SIW mode with an array of parallel and strongly
coupled microstrip lines (MLs), each of which is connected to an ampli-
fier. The proposed configuration is optimized by minimizing the active
reflection coefficients at the TL ports. This equalizes the amplifier op-
timal load impedances and excites the TE10 SIW mode most efficiently.
Also, signals are transferred with nearly uniform power distribution at
the amplifier outputs. Numerical results show that this configuration can
generate 16× more power per unit volume relative to a single microstrip-
to-SIW transition, while offering a larger bandwidth. A prototype has
been developed to validate the proof-of-concept.

1 Introduction

The continued growth of data traffic in 5G wireless communication applications,
short-range radars, and satellite communications, demands utilization of multi an-
tenna systems at higher (mm-wave) frequencies [1], [2]. mm-Wave frequencies allow
GHz bandwidths and hence significantly improve the data rate and systems through-
put. However, efficient generation and transmission of high RF power is a major
challenge at mm-wave frequencies, due to the increased propagation and material
losses as well as output power limitations of semiconductor technologies. Monolithic
microwave integrated circuits (MMICs) are traditionally based on Gallium Arsenide
(GaAs) wafer processes. However, such circuits are expensive in mass production
and complex to use for highly integrated structures, such as digital beamformers or
radio modems for cellular handsets. Silicon technologies are more cost effective and
more suitable for integration, but their maximum output power is limited due to low
breakdown voltage [2]. This problem can be overcome by using many low-cost active
devices per unit volume and combine them using series and parallel power combining
techniques [3]. However, the latter solutions are potentially lossy since power is typ-
ically combined to a single point before leaving the MMIC. We propose a solution to
this problem. Another challenge is the integration with radiating elements that are
comparable in size at mm-wave frequencies.
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Abstract— An efficient transition from a grid of amplifiers 
to a single substrate integrated waveguide (SIW) is presented. 
It is based on the excitation of the spatially distributed SIW 
mode with an array of parallel and strongly coupled microstrip 
lines (MLs), each of which is connected to an amplifier. The 
proposed configuration is optimized by minimizing the ‘active’ 
reflection coefficients at the TL ports. This equalizes the 
amplifier optimal load impedances and excites the TE10 SIW 
mode most efficiently. Also, signals are transferred with nearly 
uniform power distribution at the amplifier outputs. 
Numerical results show that this configuration can generate 
16x more power per unit volume relative to a single microstrip-
to-SIW transition, while offering a larger bandwidth. A 
prototype has been developed to validate the proof-of-concept. 

Index Terms— mm-wave integrated active antennas, 
substrate integrated waveguide, spatial power combining. 

I.  INTRODUCTION 
The continued growth of data traffic in 5G wireless 

communication applications, short-range radars, and satellite 
communications, demands utilization of multi-antenna 
systems at higher (mm-wave) frequencies [1-2]. Mm-wave 
frequencies allow the use of GHz bandwidths and, hence, 
significantly enhances the data rate and systems throughput. 
However, efficient generation and transmission of high RF 
power is a major challenge at mm-wave frequencies, due to 
the increased propagation and material losses as well as 
output power limitations of semiconductor technologies.  

Monolithic microwave integrated circuits (MMICs) are 
traditionally based on Gallium Arsenide (GaAs) wafer 
processes. However, such circuits are expensive in mass 
production and complex to use for highly integrated 
structures, such as digital beamformers or radio modems for 
cellular handsets. Silicon technologies are more cost 
effective and more suitable for integration, but their 
maximum output power is limited due to their relatively low 
breakdown voltage [2]. This problem can be overcome by 
using many low-cost active devices per unit volume and 
combine them using series and parallel power combining 
techniques [3]. However, the latter solutions are potentially 
lossy since power is typically combined to a single point 
before leaving the MMIC. We propose a solution to this 
problem. 

 
Fig. 1. Illustration of the proposed concept of the transition interfacing 
four amplifiers situated inside an (NXP) MMIC chip to a single substrate 
integrated waveguide (SIW). 
 

Another challenge is the integration with radiating 
elements that are comparable in size at mm-wave 
frequencies.  

This paper presents a novel concept of the transition that 
can be employed between a single radiating element and an 
array of amplifiers to facilitate such integrated solutions. 
Figure 1 illustrates this transition, where an array of four 
amplifiers (situated inside a chip) is interfaced with a single 
substrate integrated waveguide (SIW) through four spatially 
distributed microstrip lines. Initial results for the spatially 
distributed SIW excitation have been presented in [4], where 
it was compared to a conventional single-channel tapered 
transition [5]. In addition to exciting printed circuit antennas, 
the SIW structure can be also be used to excite a metal 
waveguide in a direct contactless manner [6]. 

The goals of the current work are: 
(i) To describe the design methodology, including the 

optimization of the transition for a given field 
excitation (the focus is on compactness of the SIW 
structure for potential applications in antenna arrays, 
and efficient utilization of power amplifiers that should 
be driven by equal powers); and 

(ii) To design a proof-of-concept prototype, which 
demonstrates the predicted gain in performance, i.e. 
16x higher power generation per unit volume in 
comparison to a single transition case. This also 
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Figure 1: Illustration of the proposed concept of the transition interfacing four amplifiers situated
inside an (NXP) MMIC chip to a single substrate integrated waveguide (SIW).

This paper presents a novel concept of the transition that can be employed be-
tween a single radiating element and an array of amplifiers to facilitate such integrated
solutions. Figure 1 illustrates this transition, where an array of four amplifiers (situ-
ated inside a chip) is interfaced with a single substrate integrated waveguide (SIW)
through four spatially distributed microstrip lines. Initial results for the spatially
distributed SIW excitation have been presented in [4], where it was compared to a
conventional single-channel tapered transition [5]. In addition to exciting printed
circuit antennas, the SIW structure can be also be used to excite a metal waveguide
in a direct contactless manner [6].

The goals of the current work are:

(i) To describe the design methodology, including the optimization of the transi-
tion for a given field excitation (the focus is on compactness of the SIW structure for
potential applications in antenna arrays, and efficient utilization of power amplifiers
that should be driven by equal powers); and

(ii) To design a proof-of-concept prototype, which demonstrates the predicted gain
in performance, i.e. 16× higher power generation per unit volume in comparison to
a single transition case. This also includes specific considerations for testing multi-
channel transitions with a two-port only calibration.

2 Numerical Results

Figure 2 (a) shows the geometry of the proposed transition, and Figure 2 (b) il-
lustrates the field propagation inside the SIW as well as the field coupled to the
microstrip TLs when the SIW port is excited by the TE10 mode (i.e. receive mode).
Due to strong electromagnetic coupling between microstrip TLs [see Figure 2 (b)],
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includes specific considerations for testing multi-
channel transitions with a two-port only calibration. 

II. NUMERICAL RESULTS 
Figure 2(a) shows the geometry of the proposed 

transition, and Fig. 2(b) illustrates the field propagation 
inside the SIW as well as the field coupled to the microstrip 
TLs when the SIW port is excited by the TE10 mode (i.e. 
receive mode). Due to strong electromagnetic coupling 
between microstrip TLs [see Fig. 2 (b)], the active reflection 
coefficients of the microstrip TLs should be considered in 
the transmitting situation to optimize the design.  

 
(a) (b) 

Fig. 2: (a) The EM model of the proposed multi-channel transition and 
optimization parameters; (b) Simulated E-field amplitude distribution at 31.5 
GHz (real part).  
 

With the reference to Fig. 2(a), the structure employs the 
RT4350 laminate with thickness 0.254 mm and relative 
dielectric constant of εr = 3.66. The width of the considered 
SIW is 7.11 mm. The diameter and distance between vias are 
0.3 mm and 0.63 mm, respectively. The optimum design 
parameters for achieving the best active impedance match 
are (in mm): L=1.07; w1=0.71; w2=0.88; g1=0.37; g2=0.38. 

The 50-Ohm simulated active and passive reflection 
coefficients (Γ1, Γ2, S11 and S22) in the desired frequency 
range (27.5–31.5 GHz) are shown in Fig. 3. As one can see, 
the proposed multi-channel transition demonstrates wide 
bandwidth performance (50% relative bandwidth) with both 
Γ1 and  Γ2 ≤ 20 dB. 
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Fig. 3. Simulated active and passive (dashed lines) reflection 
coefficients of the 50 Ω microstrip ports of the simulated transition, as 
shown in Fig.2. The colored region shows the operational bandwidth. 
 

Figure 4 shows the microstrip port powers when the SIW 
port is excited by 1 W (i.e. receive mode). The power 
distribution is nearly uniform (250 mW per channel is ideal) 
in the desired frequency range, implying that the power 
amplifiers in the array are utilized effectively. The 
performance degradation that is visible near 40 GHz is due to 
higher-order SIW modes. This was deemed acceptable and 
necessary to retain sufficient design freedom for optimizing 
the transition between 27.5 and 31.5 GHz. 
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Fig. 4. Simulated power accepted by the microstrip ports when the wave 
port is excited by 1 W. 

 
Figures 5 and 6 show the simulation results for the 

routing of the 50-Ohm microstrip lines to be able to mount 
RF connectors to the PCB and to decouple the microstrip 
lines. To achieve the same electrical length of the 
transmission lines, their physical length has been slightly 
tuned. After combination, Γ1 and  Γ2 are well below -
30 dB within the desired frequency range (27.5–31.5 GHz). 

 

 
(b) (b) 

Fig. 5: (a) Proposed transition including the array of short parallel 
transmission lines and the routing of the microstrip lines; (b) Magnitude of 
E-field distribution at 31.5 GHz (real part).  

 
The power distribution remains nearly uniform across the 

transmission line ports (see Fig. 7). However, the average 
level of the accepted power becomes a bit lower (8% 
relatively to the previous case) due to losses in the bent 
microstrip TLs. It was verified that by adding the TLs to the 
connectors, the performance due to mutual coupling effects 
was not degraded and that the effects of these extra line 
lengths can be removed through a calibration procedure. 
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Fig. 3. Simulated active and passive (dashed lines) reflection 
coefficients of the 50 Ω microstrip ports of the simulated transition, as 
shown in Fig.2. The colored region shows the operational bandwidth. 
 

Figure 4 shows the microstrip port powers when the SIW 
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distribution is nearly uniform (250 mW per channel is ideal) 
in the desired frequency range, implying that the power 
amplifiers in the array are utilized effectively. The 
performance degradation that is visible near 40 GHz is due to 
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Fig. 4. Simulated power accepted by the microstrip ports when the wave 
port is excited by 1 W. 
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lengths can be removed through a calibration procedure. 
 

wave port 
SIW 

PA1 PA2 
PA3 

PA4 

dB(E field) 
70 95 80 

L 

g2 
w1 

g1 
w2 

PA1 PA2 
PA4 

SIW 
wave port 

PA3 dB(E field) 

70 95 80 
(a) (b)

Figure 2: (a) The EM model of the proposed multi-channel transition and optimization parameters;
(b) Simulated E-field amplitude distribution at 31.5 GHz (real part).

includes specific considerations for testing multi-
channel transitions with a two-port only calibration. 

II. NUMERICAL RESULTS

Figure 2(a) shows the geometry of the proposed 
transition, and Fig. 2(b) illustrates the field propagation 
inside the SIW as well as the field coupled to the microstrip 
TLs when the SIW port is excited by the TE10 mode (i.e.
receive mode). Due to strong electromagnetic coupling
between microstrip TLs [see Fig. 2 (b)], the active reflection 
coefficients of the microstrip TLs should be considered in
the transmitting situation to optimize the design. 
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With the reference to Fig. 2(a), the structure employs the
RT4350 laminate with thickness 0.254 mm and relative 
dielectric constant of εr = 3.66. The width of the considered 
SIW is 7.11 mm. The diameter and distance between vias are 
0.3 mm and 0.63 mm, respectively. The optimum design
parameters for achieving the best active impedance match 
are (in mm): L=1.07; w1=0.71; w2=0.88; g1=0.37; g2=0.38.

The 50-Ohm simulated active and passive reflection 
coefficients (Γ1, Γ2, S11 and S22) in the desired frequency
range (27.5–31.5 GHz) are shown in Fig. 3. As one can see, 
the proposed multi-channel transition demonstrates wide
bandwidth performance (50% relative bandwidth) with both 
Γ1 and  Γ2 ≤ 20 dB.
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coefficients of the 50 Ω microstrip ports of the simulated transition, as 
shown in Fig.2. The colored region shows the operational bandwidth. 

Figure 4 shows the microstrip port powers when the SIW 
port is excited by 1 W (i.e. receive mode). The power
distribution is nearly uniform (250 mW per channel is ideal)
in the desired frequency range, implying that the power
amplifiers in the array are utilized effectively. The 
performance degradation that is visible near 40 GHz is due to 
higher-order SIW modes. This was deemed acceptable and 
necessary to retain sufficient design freedom for optimizing 
the transition between 27.5 and 31.5 GHz.
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Figure 4 shows the microstrip port powers when the SIW 
port is excited by 1 W (i.e. receive mode). The power
distribution is nearly uniform (250 mW per channel is ideal)
in the desired frequency range, implying that the power
amplifiers in the array are utilized effectively. The 
performance degradation that is visible near 40 GHz is due to 
higher-order SIW modes. This was deemed acceptable and 
necessary to retain sufficient design freedom for optimizing 
the transition between 27.5 and 31.5 GHz.
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Figures 5 and 6 show the simulation results for the 
routing of the 50-Ohm microstrip lines to be able to mount
RF connectors to the PCB and to decouple the microstrip
lines. To achieve the same electrical length of the 
transmission lines, their physical length has been slightly 
tuned. After combination, Γ1 and  Γ2 are well below -
30 dB within the desired frequency range (27.5–31.5 GHz). 
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transmission line ports (see Fig. 7). However, the average 
level of the accepted power becomes a bit lower (8% 
relatively to the previous case) due to losses in the bent
microstrip TLs. It was verified that by adding the TLs to the 
connectors, the performance due to mutual coupling effects
was not degraded and that the effects of these extra line
lengths can be removed through a calibration procedure. 
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channel transitions with a two-port only calibration. 

II. NUMERICAL RESULTS 
Figure 2(a) shows the geometry of the proposed 

transition, and Fig. 2(b) illustrates the field propagation 
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coefficients of the 50 Ω microstrip ports of the simulated transition, as 
shown in Fig.2. The colored region shows the operational bandwidth. 
 

Figure 4 shows the microstrip port powers when the SIW 
port is excited by 1 W (i.e. receive mode). The power 
distribution is nearly uniform (250 mW per channel is ideal) 
in the desired frequency range, implying that the power 
amplifiers in the array are utilized effectively. The 
performance degradation that is visible near 40 GHz is due to 
higher-order SIW modes. This was deemed acceptable and 
necessary to retain sufficient design freedom for optimizing 
the transition between 27.5 and 31.5 GHz. 
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Figures 5 and 6 show the simulation results for the 
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tuned. After combination, Γ1 and  Γ2 are well below -
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level of the accepted power becomes a bit lower (8% 
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microstrip TLs. It was verified that by adding the TLs to the 
connectors, the performance due to mutual coupling effects 
was not degraded and that the effects of these extra line 
lengths can be removed through a calibration procedure. 
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Figure 5: (a) Proposed transition including the array of short parallel transmission lines and the
routing of the microstrip lines; (b) Magnitude of E-field distribution at 31.5 GHz (real part).
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coefficients of the 50-Ω microstrip ports (Pan) shown in Fig.5. 
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Fig. 7. Simulated active (solid) and passive (dashed) reflection of the
50-Ω microstrip ports, as shown in Fig.5. 

Fig. 8. Simulated E-field amplitude distribution for the proof-of-concept 
prototype, when the input ports are uniformly excited at 31.5 GHz (real 
part). 

The E-field distribution inside the combined back-to-
back structure, intended for experimental verification (to be 
presented in future), is shown in Fig. 8., This simulation 
revealed an undesired field leakage between the dielectric–
filled gap formed by the connector body. To remove this
effect, both additional via holes and a slight tapering of the 
TL near the central pin of the connector (not visible in Fig. 
8.) were introduced. After optimization, the reflection
coefficient in the desired frequency range was shown to
satisfy the requirements. 

The active reflection coefficients of the 50-Ω input ports 
that were obtained for the optimized connector interface are 
shown in Fig. 9. Ripples up to -20 dB are visible, which are 
produced by the connectors and bent microstrip TLs. These
ripples can be removed by the designed 2-port TRL 
calibration kit, which consists of three standards: (i) Thru 
(T), where two error boxes are connected; (ii) Reflect (R), 
where the error box is grounded by a via, and; (iii) line (L), 
where the error boxes are connected through the quarter-
wavelength segment, corresponding to the central frequency 
(29.5 GHz). 
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Fig. 9. Simulated active (solid) and passive (dashed) reflection 
coefficient of the 50-Ω microstrip ports of the prototype, as shown in Fig.8. 

III. DESIGN OF THE PROTOTYPE 

The designed prototype is a passive back-to-back 
structure, which has 4 input and 4 output 50-Ω coaxial ports
for testing with a standard VNA (see Fig. 10). The structure 
is built on a hybrid multilayer PCB with edge metallization,
which is formed by stacking two dielectric material layers. 
The top RT4350 laminate has a substrate thickness of 0.254 
mm and relative dielectric constant of εr = 3.66. The bottom 
hardback substrate is FR4, which makes the structure more 
rigid. 

The dissipation factor of RT4350 is low (tan δ @ 10 GHz 
= 0.0037), which extends the applicability of this laminate to 
Ka-band and above. Inner metal layers of the hybrid 
structure can be also used in the future for routing, bias, or 
control lines of an active device. The PCB has on overall size 
of approximately 46 × 46 mm2 and is bolted by 4 x M 1.6 
mm screws to an aluminum support block. 
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Figure 6: Simulated active (solid) and passive (dashed) reflection coefficients of the 50-Ω microstrip
ports (Γn) shown in Figure 5.
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Fig. 6. Simulated active (solid) and passive (dashed) reflection 
coefficients of the 50-Ω microstrip ports (Pan) shown in Fig.5. 
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The E-field distribution inside the combined back-to-
back structure, intended for experimental verification (to be 
presented in future), is shown in Fig. 8., This simulation 
revealed an undesired field leakage between the dielectric–
filled gap formed by the connector body. To remove this
effect, both additional via holes and a slight tapering of the 
TL near the central pin of the connector (not visible in Fig. 
8.) were introduced. After optimization, the reflection
coefficient in the desired frequency range was shown to
satisfy the requirements. 

The active reflection coefficients of the 50-Ω input ports 
that were obtained for the optimized connector interface are 
shown in Fig. 9. Ripples up to -20 dB are visible, which are 
produced by the connectors and bent microstrip TLs. These
ripples can be removed by the designed 2-port TRL 
calibration kit, which consists of three standards: (i) Thru 
(T), where two error boxes are connected; (ii) Reflect (R), 
where the error box is grounded by a via, and; (iii) line (L), 
where the error boxes are connected through the quarter-
wavelength segment, corresponding to the central frequency 
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Fig. 9. Simulated active (solid) and passive (dashed) reflection 
coefficient of the 50-Ω microstrip ports of the prototype, as shown in Fig.8. 

III. DESIGN OF THE PROTOTYPE 

The designed prototype is a passive back-to-back 
structure, which has 4 input and 4 output 50-Ω coaxial ports
for testing with a standard VNA (see Fig. 10). The structure 
is built on a hybrid multilayer PCB with edge metallization,
which is formed by stacking two dielectric material layers. 
The top RT4350 laminate has a substrate thickness of 0.254 
mm and relative dielectric constant of εr = 3.66. The bottom 
hardback substrate is FR4, which makes the structure more 
rigid. 

The dissipation factor of RT4350 is low (tan δ @ 10 GHz 
= 0.0037), which extends the applicability of this laminate to 
Ka-band and above. Inner metal layers of the hybrid 
structure can be also used in the future for routing, bias, or 
control lines of an active device. The PCB has on overall size 
of approximately 46 × 46 mm2 and is bolted by 4 x M 1.6 
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2. Numerical Results

the active reflection coefficients of the microstrip TLs should be considered in the
transmitting situation to optimize the design.

With the reference to Figure 2 (a), the structure is formed by RT4350 laminate
with the thickness of 0.254 mm and relative dielectric constant of εr = 3.66. The
width of the considered SIW is 7.11 mm, diameter and distance between vias are
0.3 mm and 0.63 mm respectively. The optimum design parameters for achieving
the best active impedance matching are (in mm): L = 1.07; w1 = 0.71; w2 = 0.88;
g1 = 0.37; g2 = 0.38. The 50-Ω simulated active and passive reflection coefficients
(Γ1, Γ2, S11 and S22) in the desired frequency range (27.5–31.5 GHz) are shown in
Figure 3. As one can see, the proposed multi-channel transition demonstrates wide
bandwidth performance (50% relative bandwidth) with both |Γ1|, |Γ1| ≤20 dB.

Figure 4 shows the microstrip port powers when the wave port is excited by 1 W
(i.e. receive mode). The power distribution is nearly uniform (250 mW per channel is
ideal) in the desired frequency range, implying that the power amplifiers in the array
are utilized effectively. The performance degradation that is visible near 40 GHz is
due to higher-order SIW modes. This was deemed acceptable and necessary to retain
sufficient design freedom for optimizing the transition between 27.5 and 31.5 GHz.

Figure 5 and 6 show simulation results for the routing of 50-Ω microstrip lines to
be able to mount RF connectors to the PCB and to decouple the microstrip lines.
To achieve the same electrical length of the transmission lines, their physical length
has been slightly tuned. After combination, |Γ1| and |Γ2| are well below −30 dB
within the desired frequency range (27.5–31.5 GHz). The power distribution remains
nearly uniform across the transmission line ports (See Figure 7). However the average
level of the accepted power becomes a bit lower (8% relatively to the previous case)
due to losses in the bent microstrip TLs. It was verified that by adding the TLs
to the connectors, the performance due to mutual coupling effects was not degraded
and that the effects of these extra line lengths can be removed through a calibration
procedure.

The E-field distribution inside the combined back-to-back structure, intended
for experimental verification (to be presented in future), is shown in Figure 8. This
simulation revealed an undesired field leakage between the dielectric-filled gap formed
by the connector body. To remove this effect, both additional via holes and a slight
tapering of the TL near the central pin of the connector (not visible in Figure 8) were
introduced. After optimization, the reflection coefficient in the desired frequency
range was shown to satisfy the requirements. The active reflection coefficients of
the 50-Ω input ports that were obtained for the optimized connector interface are
shown in are Figure 9. Ripples up to −20 dB are visible, which are produced by the
connectors and bent microstrip TLs. These ripples can be removed by the designed
2-port TRL calibration kit, which consists of three standards:

(i) Thru (T), where two error boxes are connected;

(ii) Reflect (R), where the error box is grounded by a via;
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(iii) Line (L), where the error boxes are connected through the quarter-wave length
segment, corresponding to the central frequency (29.5 GHz).
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Fig. 6. Simulated active (solid) and passive (dashed) reflection 
coefficients of the 50-Ω microstrip ports (Pan) shown in Fig.5. 
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3. Design of the Prototype

3 Design of the Prototype

The designed prototype is a passive back-to-back structure, which has 4 input and
4 output 50-Ω coaxial ports for testing with a standard VNA (See Figure 10). The
structure is built on a hybrid multilayer PCB with edge metallization, which is formed
by stacking two dielectric material layers. The top RT4350 laminate has a substrate
thickness of 0.254 mm and relative dielectric constant of εr = 3.66. The bottom
hardback substrate is FR4, which makes the structure more rigid.

The dissipation factor ofRT4350 is low (tanδ @ 10 GHz = 0.0037), which extends
the applicability of this laminate to Ka-band and above. Inner metal layers of the
hybrid structure can be also used in the future for routing, bias, or control lines of
an active device. The PCB has on overall size of approximately 46×46 mm2 and is
bolted by 4×M1.6 mm screws to an aluminum support. Figure 11 shows three parts
of the model:

• the 1st part is the proposed transition between the SIW and multiple transmis-
sion lines (TL) (a),

• the 2nd part is the set of routing microstrip lines that are needed for testing (b),

• the 3rd part is the corresponding connector interface (c).

Due to strong electromagnetic coupling effects between the transmission lines in the
SIW region, the device under test (DUT) includes divergent lines to make the routing
lines to the connectors (light gray color) virtually independent. In this case, we
can use a 2-port only calibration kit to remove the effect of the routing lines and
connectors from the measurement results.
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Fig. 11. The detailed model of the proof-of-concept demonstrator: (a) the 
entire back-to-back structure including two connected transitions, (b) the 
proposed transition between SIW and four short and strongly-coupled 
transmission lines, (c) 50-Ω routing microstrip lines that decouple the 

transmission lines at the ports of the back-to-back for the purpose of testing, 
(d) connector interface regions. 

IV. CONCLUSIONS 
A new transition for interfacing an array of four parallel 

amplifiers to a single substrate integrated waveguide has 
been optimized and examined. The predicted active 
reflection coefficients of all ports are better than -30 dB over 
the desired frequency range (27.5–31.5 GHz), corresponding 
to a 50% relative bandwidth. Furthermore, a nearly uniform 
power distribution across the parallel ports confirms that the 
power amplifiers in the array can be utilized effectively. A 
proof-of-concept prototype with calibration kit is under 
construction; experimental results are to be presented later. 

The concept is expected to play an important role in 
future mm-wave communication systems and MMIC 
designs, where both high-power generation and cost 
efficiency are important requirements. 
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Figure 11: The detailed model of the proof-of-concept demonstrator: (a) the entire back-to-back
structure including two connected transitions, (b) the proposed transition between SIW and four
short and strongly-coupled transmission lines, (c) 50-Ω routing microstrip lines that decouple the
transmission lines at the ports of the b2b for the purpose of testing, (d) connector interface regions.

4 Conclusion

A new transition for interfacing an array of four parallel amplifiers to a single sub-
strate integrated waveguide has been optimized and examined. The predicted active
reflection coefficients of all ports are better than −30 dB over the desired frequency
range (27.5–31.5 GHz), corresponding to a 50% relative bandwidth. Furthermore, a
nearly uniform power distribution across the parallel ports confirms that the power
amplifiers in the array can be utilized effectively. A proof-of-concept prototype with
calibration kit is under construction; experimental results are to be presented later.

The concept is expected to play an important role in future mm-wave commu-
nication systems and MMIC designs, where both high-power generation and cost
efficiency are important requirements.
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Wideband mm-Wave Transition between a

Coupled Microstrip Line Array and SIW for High

Power Generation MMICs

Artem Roev, Rob Maaskant, Anders Höök, and Marianna Ivashina

Abstract

A compact wideband transition between an array of microstrip lines
(MLs) and a single substrate integrated waveguide (SIW) is presented.
The spatially distributed fundamental SIW mode is excited by an array
of parallel and strongly coupled microstrip lines (MLs). The proposed
configuration is optimized by minimizing the active reflection coefficient
at each ML port. Signals are transferred with nearly uniform power dis-
tribution across the ML ports, which facilitates an effective utilization
of power amplifiers once interconnected. Measured results of the proof-
of-concept demonstrator are in good agreement with simulations. The
proposed configuration is capable of generating more power per footprint
size relative to a single microstrip-to-SIW transition, while offering a 50%
bandwidth. At the same time, the compactness of the ML-to-SIW transi-
tion makes it suitable for tight integration with MMICs and applications
in wide-band array antennas.

1 Introduction

Efficient generation and transmission of high RF power is a major challenge at mm-
wave frequencies, due to the increased propagation and material losses as well as
output power limitations of semiconductor technologies [1]. Silicon-based technolo-
gies are often not the first choice due to their relatively low breakdown voltage, yet,
significant research has been put into it as they enable cost-effective highly-integrated
circuit solutions. The focus of the present work is on a compact wideband transi-
tion between a mm-wave integrated circuit and an antenna or waveguiding structure.
The key design goals are: (i) Wide frequency bandwidth (∼50%); (ii) Minimal power
losses when transmitting and combining signals from power amplifiers (PAs); (iii)
Quasi-optical power combining using grid amplification techniques, i.e., employ mul-
tiple PAs to generate high mm-wave power in the range of 15–25 dBm per antenna
element. This is challenging for Silicon integrated solutions particularly because
the on-chip power combiner and the antenna interconnecting transition must be low
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Conventional Proposed

4x PASi MMIC

50 Ω

SIW

tapered ML

SIW

4x ML
4x PA

Si MMIC

(a) (b)

Figure 1: (a) Classical single channel transition interfacing an array of power amplifiers with an
SIW; (b) The proposed novel transition.

loss [2]; (iv) Minimal dimensions to render the transition suitable for antenna in-
tegration, specifically for arrays (with inter-element-spacing < 0.8λ), and allow for
on-chip integration at a later stage.

Figure 1 (a) exemplifies a conventional microstrip line (ML) to substrate inte-
grated waveguide (SIW) transition [3, 4], which was used as a starting point in our
design. As illustrated, the chip with multiple PAs delivers high power to the in-
put port of the transition which is then transferred to the SIW. The critical design
parameter is the effective impedance of the SIW, which in practice is significantly
lower than the typical 50-Ω interface impedance of the (PA) chip. Achieving optimal
impedance match renders the transition long and therefore lossy, especially if a wide
frequency bandwidth (BW) is required (See [3, 4], and Table I). This fundamental

Table 1: Comparison between state-of-the-art solutions and proposed design

Reference
Frequency,

[GHz]
Bandwidth,

[%]
Losses (b2b),

[dB]

SIW width,
[λ]

single-, TE10 [3] 25-31 12 0.15 0.50-0.62

single-, TE10 [4] 17.5-30 50 1 0.44-0.76

multi-, TE20 [6] 20-40 50 2 0.57-1.14

multi-, TE10
[this work]

22-36 48 0.3 0.51-0.84

trade-off between BW and power losses for a single channel transition does not ex-
ist for the recently proposed multi-channel transition [5], which directly interfaces
an array of PAs to an SIW via multiple spatially distributed MLs [See Fig. 1(b)].
Fig. 1 also visualizes the transfer from the ML mode(s) to the fundamental TE10
SIW mode. The MLs are closely spaced and, hence, strongly coupled, which causes
mutual coupling effects to play a critical role in the proposed transition performance
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Figure 2: Proposed DUT including routing lines to connectors.

and its design process. Note that this concept differs from the parallel multi-channel
systems used in overmoded SIWs (See [6] in Table I), where the MLs are spatially
separated. This prevents tight integration with MMICs, and leads to a wide SIW
limiting its applications in array antennas.

2 Numerical Results

The proposed transition has been designed through active impedance matching, a
technique known from antenna array network theory. It allows the reflection coeffi-
cient of each ML mode to be analyzed in the presence of the ML array excitation and
ML array mutual coupling effects, with the ultimate goal to maximize the overall
power transfer to the SIW. To this end, we minimize the ‘active’ reflection coeffi-
cients at the input ports under the condition of a matched-terminated SIW output
port (not excited). Assuming a uniform excitation of the ML lines, the active re-

flection coefficients are computed as: Γn =
M∑
m=1

Snm, n ∈ {1, 2, 3, 4},where Smn is a

scattering parameter, and M = 4 in the present case.

Figure 2 shows the geometry of the transition, which was modified to allow for
connectorized measurements; divergent MLs to connectors were included into device
under test (DUT) to be able to mount RF connectors to the PCB and to decouple the
MLs. A 2-port only calibration kit was needed to remove the effect of connectors from
the measurement results. The structure in Figure 2 employs the RT4350 laminate
with thickness 0.254 mm and relative dielectric constant of εr = 3.66. The optimum
design parameters leading to minimum reflections over the desired frequency band
are (in mm): L = 1.35; W = 7.33; d = 0.3; s = 0.6; w1 = 0.92; w2 = 0.57; g1 = 0.42;
g2 = 0.37; l1 = 0.60; l2 = 2.00; l3 = 1.40; l4 = 5.00; l5 = 1.90; l6 = 0.63; and
α = 135◦.
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Figure 3: Simulated active reflection coefficients of the 50-Ω microstrip ports and wave port passive
reflection (dashed) of the DUT, as shown in Figure 2. The colored region shows the band of interest.

It is worth mentioning that w1 and w2 are not equal due to the fact that active line
impedances are different between the inner and outer two coupled all-excited MLs.
The 50-Ω simulated active and passive reflection coefficients (Γ1,Γ2, Ssiw

55 ) in the
desired frequency range (27.5–31.5 GHz) are shown in Figure 3. The multi-channel
transition demonstrates wide BW (beyond 50% relative bandwidth) with both |Γ1|
and |Γ2| < −15 dB. A sensitivity study on Γ was performed and shows that |Γ|
remains below −15 dB in case of normal distributed phase errors of signals across
the ML ports with a standard deviation < 15◦.

3 Prototype and Measurement Results

The designed prototype constitutes a passive back-to-back (B2B) structure employing
4 input and 4 output 50-Ω coaxial ports to allow for testing with a standard VNA
(See Figure 4). The structure is built on a hybrid multilayer PCB, which is formed

6 DUT

5

4

3

2

8

1

7

Figure 4: DUT in a back-to-back configuration.
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3. Prototype and Measurement Results

by stacking two dielectric material layers. The top RT4350 laminate has a substrate
thickness of 0.254 mm and εr = 3.66. The bottom hardback substrate is FR4, which
makes the structure more rigid. The interior metal layers of the hybrid structure can
be used in the future for routing, bias, or control lines of an active device. The PCB
has on overall size of approximately 46× 46 mm.

The measured Γ of the symmetric 50-Ω ports are shown in Figure 5. Curves
are close to each other and in good agreement with the simulations shown by black
dashed lines. Visible ripples are produced by the connector interfaces and bent mi-
crostrip TLs whose effects cannot be completely removed by the designed 2-port TRL
calibration kit, since in practice ports are slightly different. However, the measured
|Γ1| and |Γ2| < −13 dB in the desired frequency range and < −10 dB over the whole
range (20–40 GHz). Insertion losses of the proposed DUT are shown in Fig. 6. The
measured losses were de-embedded using the thru-standard of the designed calibra-
tion kit. Contributions of the dielectric and radiation losses have been estimated
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Figure 5: Measured (solid) and simulated (dashed) active reflection coefficient of the symmetric
50-Ω microstrip ports of the prototype (including effect of connectors), as shown in Figure 4.
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Figure 6: Measured (dashed) and simulated (solid) losses of proposed DUT.

using simulation data. At 30 GHz the total losses of the DUT are 0.73 dB, where
the contribution of the dielectric and radiation losses are 0.28 dB and 0.45 dB, re-
spectively. Radiation losses are dominant and attributed to the bent MLs in the
DUT. The overall expected losses of the proposed transition without routing lines is
estimated less than 0.3 dB.

4 Conclusions

A new transition for interfacing an array of parallel amplifiers to a single SIW has
been optimized and examined in the context of its applications in wideband and
high-efficiency array antenna transmitters. The proposed transition overcomes fun-
damental limitations of single-channel SIW transitions in simultaneously achieving
a wide bandwidth and low power loss, and also outperforms the state-of-the-art
multi-channel multi-mode transitions in terms of its compactness and power trans-
fer/combining efficiency (See Table 1). The proof-of-concept experiments demon-
strate a good agreement with simulated performance, where we have achieved an
active impedance bandwidth defined at -10 dB of nearly 50%. The active reflection co-
efficients of all prototype ports are less than −14 dB over the desired frequency range
(27.5–31.5 GHz), corresponding to a 50% relative bandwidth, and below −10 dB over
whole range (20–40 GHz) with the estimated losses less than 0.3 dB. Furthermore, a
nearly uniform power distribution across the parallel ports confirms that the power
amplifiers in the array will be utilized efficiently. The concept is expected to facili-
tate high power generation and efficient power transmission in future mm-wave array
antennas and MMIC designs.
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N-Way Spatial Power Combining in SIW for High

Power Generation MMICs – Scalability Bounds

Artem Roev, Marianna Ivashina, Rob Maaskant, and Marion K. Matters-Kammerer

Abstract

An N-way transition between an array of amplifiers and a single substrate
integrated waveguide (SIW) is presented. Its operation principle is based
on excitation of the spatially distributed TE10 mode with an array of par-
allel and strongly coupled microstrip lines (MLs). The paper discusses
and evaluates the approximate scalability bounds of such a structure in
terms of the number of input channels. The model shows that, by employ-
ing a thin substrate, more amplifiers are capable of interfacing a single
SIW to increase the output power, which is an important conclusion in
regards to a future on-chip implementation of the structure. The model
has also been validated by numerical simulations.

1 Introduction

Increased propagation and material losses as well as output power limitations of semi-
conductor devices at mm-wave frequencies is a problem that is partly overcome by
parallel and series power-combining of multiple active devices per single antenna ele-
ment [1]. However, conventional circuit-level power combiner networks have inherent
high insertion losses, which significantly increase with the number of channels [2]. A
possible solution towards the efficient high power generation at mm-wave frequencies
is the recently proposed multi-channel transition in [3], which directly interfaces an
array of amplifiers to a single SIW via multiple closely separated microstrip lines
(MLs), as illustrated in Figure 1. This allows one to directly excite the spatially
distributed TE10 SIW mode with high power. Since the output power is proportional
to the number of input channels, it is important to investigate the scalability of such
a structure.

2 Scalability Study

The scalability of the structure will be examined with the help of an approximate
impedance matching model. There are several definitions of the transmission line
characteristic impedance, one of the most common are voltage-current and power-
voltage [4]. For the quasi-TEM mode in a microstrip line (ML) all definitions converge
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N x ZL ML

SIW

Si MMIC

N x PA

h

w

Figure 1: Compact transition interfacing N power amplifiers (possibly embedded in a single MMIC)
to a single substrate integrated waveguide (SIW).

to the same characteristic impedance (if pure TEM), i.e., one that is solely a function
of the ML geometry and is frequency independent [4,5]. Conversely, the characteristic
impedance of the TE10 mode propagating in the SIW is not uniquely defined, however,
the definitions differ by a scaling factor k only:

ZTE10 = k
h

w

√
µ

ε

(
1− λ2

4w2

)−1/2

where

{
k = π

2
, if V-I def.

k = 2, if P-V def.
(1)

An impedance matching model of the parallel power combiner could to first order
constitute a parallel connection of N lines, each with an impedance ZL connected to
a common port. This implies that the equivalent impedance at this point is ZL/N .
The obtained equivalent impedance should be equal to the characteristic impedance
ZTE10 of the SIW TE10 mode to realize a good impedance match. Thus, increasing the
number of channels demands decreasing the characteristic impedance. This could be
done by increasing the SIW width w or decreasing the height h. However, increasing
w might lead to the excitation of higher-order modes. Figure 2 shows the estimated
number of connected channels N as a function of the ML impedance for different
substrate thicknesses h. The upper bound of the filled areas corresponds to the
maximum number of channels, geometrically limited by the SIW width (the spacing
between the lines is assumed to be equal to the line width). The lower bounds are
set by the optimal impedance matching criteria. As one can see, employment of a
thin substrate and high ML impedance channels allow for interfacing more amplifiers
to a single SIW, and hence significantly increase the output power as compared to
a single channel transition [See Figure 3]. Compactness of the proposed solution
enables future on-chip realizations.
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Figure 2: Estimated number of the connected microstrip ports as a function of the port impedance
for different substrate height values h.
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Figure 3: Estimated relative gain of the proposed structure w.r.t. a single-channel case as a function
of the microstrip port impedance for different substrate height values h.

3 Numerical Results

To test the proposed scalability approach, a 10-way power combiner with 50 Ω copla-
nar waveguide (CPW) ports has been designed, as shown in Figure 4. The port in
Figure 4 (b) represents a ground-signal-ground chip interface. The employed SIW
configuration is the same as the one used in [3], however the substrate thickness was
reduced (from 254 µm to 127 µm) to interface more channels. The 10-way configu-
ration was optimized to realize active impedance matching: the simulated SIW-port
passive reflection coefficient ΓSIWport and active reflection coefficients ΓA...ΓE of the
CPW ports are below −15 dB and −10 dB, respectively, over more than 30% band-
width, as shown in Figure 5.
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Figure 4: (a) Simulated E-field amplitude distribution in the 10-way power combiner with 50-Ω
CPW input ports, when the input ports are uniformly excited at 31.5 GHz (real part); (b) The
simulation model of the GSG port representing a chip interface.
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Figure 5: Simulated active reflection coefficients of the 50-Ω CPW ports and SIW-port passive
reflection coefficient (dashed) of the 10-way combiner, as shown in Figure 4.

Conclusions

The scalability of an array of N microstrip lines interfaced to a single substrate inte-
grated waveguide (SIW) has been studied. It was shown that employment of a thin
substrate along with a high ML impedance allows to maximize the number of channels
that can be interfaced to a single SIW, and hence significantly increase the output
power. Compactness of the proposed solution enables its future on-chip realization,
which is an important conclusion. The special case of a 10-way power combiner with
50-Ω co-planar waveguide (CPW) input ports is presented. The proposed configura-
tion is optimized by minimizing the active reflection coefficient at each input port.
The simulated active reflection coefficients of the CPW-ports and passive reflection
coefficient at the wave port of the structure are better than −10 dB over more than
30% relative bandwidth (25–35 GHz). Numerical results validate the model and show
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High Power mm-Wave Spatial Power Combiner

Employing On-Chip Isolation Resistors

Artem Roev, Rob Maaskant, Marion K. Matters-Kammerer, and Marianna Ivashina

Abstract

A spatial power combiner interfacing four power amplifiers (PAs) with
isolation load resistors to a single substrate integrated waveguide (SIW)
is presented. The isolation load resistors are envisioned on-chip and have
been optimized to provide both the optimal active load impedance for
the interconnected PAs as well as to mitigate undesired power combiner
coupling effects due to non-equal excitations between PA channels. The
proposed solution is compared to an ideal Wilkinson combiner in the pres-
ence of non-ideal PAs. The main performance targets are the combined
output power, gain, and power efficiency at the 1-dB compression point.
Simulation results demonstrate that introducing isolation load resistors
allows to significantly reduce the impact of a non-uniform excitation on
the combiner performance metrics.

1 Introduction

Increased propagation and material losses in combination with output power limi-
tations of semiconductor devices represent a significant challenge for modern array
antenna transmitters at mm-wave frequencies [1]. This challenge could be partly
overcome by combining the power of multiple active devices on each antenna array
element. However, conventional circuit-level power combining networks have inher-
ently high insertion losses, which significantly increase with the number of active
devices [2, 3], especially at higher frequencies. A possible solution toward more ef-
ficient high-power generation is the multi-channel transition in substrate integrated
waveguide (SIW) technology employing spatial power combining [4]. This transition
allows one to directly excite the TE10 SIW mode with high power. It avoids the use
of a lossy on-chip circuit-level power combiner while enabling the direct integration
of an antenna element with multiple power amplifiers (PAs) without additional inter-
connecting transitions. The advantages of the proposed solution become even more
apparent for an increased number of input channels.

The challenge of the proposed solution is that mutual coupling effects between
multiple channels have to be taken into account from the start of the design process.
In [5] this transition has been optimized under the condition of a uniform excita-
tion assuming identical PAs. However, realistic PAs are slightly different in their
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Figure 1: The proposed spatial power combiner interfacing four on-chip amplifiers with isolation
load resistors to a single substrate integrated waveguide.

amplitude-phase characteristics due to different thermal regimes, semiconductor pro-
cess variations and fabrication tolerances.

This paper presents a more robust spatial power combiner (SPC) design relative
to the one in [4] with enhanced performance figures in the presence of a non-uniform
excitation. Figure 1 illustrates this design solution, where three on-chip isolation load
resistors are envisioned that are placed in-between the four PA outputs.

2 Concept and Operation Principle

In the original design [4] there are four input microstrip line (ML) ports with 50-Ω
reference impedance and a single matched SIW port as an output. It has been opti-
mized to realize active impedance matching for the uniformly excited case. The active
reflection coefficients at the transition input ports are defined as Γn =

∑4
m=1AmSnm,

where Snm is the 50-Ω S-parameter from ML port m to n, Am is a random vari-
able representing the complex excitation coefficient of port m simulating the effect
of non-equal individual PAs. Generally, in order to reduce the effect of {Am}4

m=1 on
the active reflections {Γn}4

n=1, the magnitudes of Snm have to be minimized.
This minimization issue has been addressed by introducing isolation load resistors

(R1, R2) in-between the on-chip PA outputs (See Figure 1). In the case of an ideal
uniform excitation the voltage difference between the ML input ports will be zero
implying that no current will flow into the isolation resistors and hence there is no
power dissipation. For a non-uniform excitation, the differential-mode power will
be largely dissipated in the resistors. This enhanced isolation between the channels
results in smaller variation of the input port active reflection coefficients Γn. It is
pointed out that, despite the power dissipation in the isolation resistors, the expected
combined output power may still be higher than the scenario without resistors. This
is owing to the behaviour of the individual PAs, which deliver less power if the output
load impedance is mismatched [6].
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3 Numerical Validation Results

The optimal values of isolation load resistors have been found numerically by minimiz-
ing the coupling between the ML input ports while placing the resistors in-between
those ports1. The full-wave EM-simulated 5×5 scattering parameters of the SPC are
shown in Figure 2a. Due to the symmetry of the SIW structure, the isolation load
resistors between symmetric ports must be equal. An isolation resistor interconnect-
ing the edge ports (1 and 4) cannot be implemented in practice since it requires long
interconnecting lines. Thus there are only two optimization parameters, i.e., R1 and
R2, which have been found to be 108 Ω and 150 Ω, respectively.
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Figure 2: Simulation models of the 4-way power combiners: (a) spatial power combiner w/ and w/o
isolation load resistors, (b) ideal Wilkinson power combiner.

For comparison, a 50-Ω Wilkinson power combiner built from ideal components
was used as a reference [7]. It is formed by the connection of three 2:1 combiners each
employing quarter-wave transmission lines (See Figure 2b). The central operation
frequency is 30 GHz.

1The on-chip isolation load resistors are assumed ideal.
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3.1 Scattering Parameters

The S-parameter simulations have been performed in Keysight’s ADS software. Fig-
ure 3a shows the simulated results of the SPC with and without the isolation load
resistors (dashed and solid line, respectively) along with the Wilkinson power com-
biner case (black line). Since in the ideal 4:1 Wilkinson power combiner all input
ports are identical, the transmission coefficients from each input port to the output
port are equal to -6 dB over a wide frequency range. This is different for the SPC,
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Figure 3: (a) Simulated transmission, and (b) Simulated input port reflection coefficients coefficients
of the spatial power combiner w/ and w/o isolation load resistors (dashed and solid line, resp.) and
an ideal Wilkinson power combiner (black line). The results for symmetric ports are omitted.

where the input ports are not identical due to the distributed TE10 mode structure.
Therefore, using the isolation resistors allows to minimize the differences between the
input channels and hence increase the efficiency of the PAs.

Figure 3b shows the corresponding passive reflection coefficients. As one can see,
the design solution with isolation resistors allows reducing reflections from port 2.
The S22 magnitude remains below -15 dB over the 25–35 GHz band, which is more
than 13 dB lower in comparison to the case without resistors.

Figure 4 shows the mutual coupling coefficients, where we observe much lower
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Figure 4: Simulated mutual coupling between the input ports of the spatial power combiner w/
and w/o isolation load resistors (dashed and solid lines, respectively) and an ideal Wilkinson power
combiner (black line). The results for symmetric ports are omitted.

magnitude values in comparison to the original design with no isolation resistors. In
particular, the |S23| and |S13| remain below -15 dB, and |S12| and |S14| remain below
−12 dB and −7 dB, respectively, over the 25–35 GHz band. The relatively high level
of |S14| could be reduced by introducing another resistor between the edge ports.
The ideal Wilkinson combiner intrinsically has a good input matching and exhibits
excellent isolation properties.

3.2 Total Performance in Presence of PAs

In order to evaluate the performance of the power combiners in conjunction with
non-identical PAs, a simulation test-bench has been proposed (See Figure 5). It
has a single 50-Ω input port interfaced to an ideal 1:4 power splitter. The power
splitter feeds an array of identical common-base PA-modules in SiGe HBT technol-
ogy [8]. The power amplifiers are power-matched to the 50-Ω load impedance. In
practice, phase variations of the PA gain dominate over amplitude drifts. This ef-
fect is emulated by four independent phase shifters with normally distributed phase
values {φn}4

n=1. The normal distribution is defined by the mean value µ = 0◦ and
standard deviation σ = 10◦. The outputs of the PAs are interfaced to the matched
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Figure 5: Simulation test-bench for combined PA performance evaluation in the presence of nor-
mally distributed phase errors, used for the ideal Wilkinson power combiner and the spatial power
combiners w/ and w/o isolation load resistors.
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Figure 6: Simulated performance of a single PA-module @P1dB compression point: (a) output
power; (b) gain, and; (c) efficiency.

4:1 power combiners as discussed above. The performance of such a joined active
structure has been investigated in terms of PA metrics. Figure 6 shows the gain,
output power, and efficiency of a single PA at the 1-dB compression point (P1dB)
over the 25–35 GHz band. Ideally, the P1dB output power level after combining four
PA channels should be 6 dB higher than that of a single PA, whereas the gain and
efficiency values should remain the same. However, these performance targets are not
feasible for realistic devices where phase variations are not negligible. Figure 7 shows
the active reflection coefficients at the SPC input ports for the uniform excitation
case. The level of reflections are below −25 dB over the 25–35 GHz band for all
combiners, as expected. Figure 8 shows the simulated yield of the combined PAs as
obtained with the test-bench in Figure 5. The yield analysis is based on statistical
variations of the introduced phase errors {φn}4

n=1. This is needed to determine how
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Figure 7: Simulated input port active reflection coefficients (uniform excitation) of the spatial power
combiner w/ and w/o isolation load resistors (dashed and solid lines, respectively) and the ideal
Wilkinson power combiner (black). The results for symmetric ports are omitted.
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Figure 8: Performance yield of the PAs in conjunction with the spatial power combiner w/ and w/o
isolation load resistors (red and blue lines, respectively) and an ideal Wilkinson power combiner
(black line) in the presence of normally distributed phase errors with σ = 10◦. Positive performance
yield if @P1dB, Gain ≥ 10.5 dB, Power ≥ 24.5 dB, Efficiency ≥ 35%.

many possible phase combinations satisfy the following performance specifications
which be met simultaneously:

� Output power2 ≥ 24.5 dBm;

� Gain1 ≥ 10.5 dB;

� Power efficiency1 ≥ 35%.

The colored region in Figure 8 shows the operating bandwidth of a single PA-module,
where the desired specifications could be potentially satisfied. It is seen that more
than 90 % and 80 % of the realizations satisfy the desired specifications over the 29–
31 GHz and the 28–32 GHz bands, respectively. It confirms that the proposed spatial
power combiner with isolation load resistors is a good alternative to the conventional
Wilkinson power combiner in terms of a low sensitivity to a non-uniform excitation.

2 Performance is at 1-dB compression point.
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4 Conclusion

A low-loss spatial power combiner with enhanced port-isolation properties has been
optimized and examined. It avoids the use of a lossy on-chip circuit-level power com-
biner while enabling the direct integration of an antenna element. The isolation load
resistors allow reducing the coupling effects between PA channels, without increasing
the losses in the case of a uniform excitation. The power combining performance
in the presence of a non-uniform excitation caused by non-incidental PAs has been
statistically analyzed. Simulations show that the proposed solution allows to signifi-
cantly reduce the negative impact of a non-uniform excitation on the overall output
power, gain, and power efficiency at the 1-dB compression point.

The concept is expected to play an important role in high-power MMICs, where
both low insertion losses and optimal active device load matching are important
requirements.
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A Wideband and Low-Loss Spatial Power

Combining Module for mm-Wave High-Power

Amplifiers
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and Marianna Ivashina

Abstract

We present a low-loss power combiner, providing a highly integrated in-
terface from an array of mm-wave power amplifiers (PAs) to a single stan-
dard rectangular waveguide (WG). The PAs are connected to an array of
parallel and strongly coupled microstrip lines that excite a substrate in-
tegrated waveguide (SIW) based cavity. The spatially distributed modes
then couple from the cavity to the rectangular WG mode through an
etched aperture and two stepped ridges embedded in the WG flange. A
new co-design procedure for the PA-integrated power combining module is
presented that targets optimal system-level performance: output power,
efficiency, linearity. A commercial SiGe quad-channel configurable trans-
mitter and a standard gain horn antenna were interfaced to both ends
of this module to experimentally demonstrate the proposed power com-
bining concept. Since the combiner input ports are non-isolated, we have
investigated the effects of mutual coupling on the transmitter performance
by using a realistic PA model. This study has shown acceptable relative
phase and amplitude differences between the PAs, i.e. within ±15◦ and
±1 dB. The increase of generated output power with respect to a single
PA at the 1-dB compression point remains virtually constant (5.5 dB)
over a 42% bandwidth. The performed statistical active load variation
indicates that the interaction between the PAs through the combiner has
negligible effect on the overall linearity. Furthermore, the antenna pat-
tern measured with this combiner shows negligible deformation due to
non-identical PAs. This represents experimental prove-of-concept of the
proposed spatial power combining module, which can be suitable for ap-
plications in MIMO array transmitters with potentially coupled array
channels.

1 Introduction

Highly integrated millimeter-wave transceivers with high output power and efficiency
are of high demand for the next-generation wireless communication systems, imaging,
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4 x ML (bottom)
SIW-based cavity

metal 
flange

stepped ridges
WR-28 interface

coupling aperture
(top)4x PA

Figure 1: A detailed model of the proposed spatial power combining module. The PAs are interfaced
to an SIW-based cavity with a coupling aperture through 4 spatially distributed microstrip lines
(MLs) located on the bottom layer. The electric field of the resonant cavity mode is concentrated
near the bottom orthogonal ridge and subsequently coupled through the etched rectangular aperture
into the metal WR-28 flange with stepped ridges. The TE10 mode propagation inside the WG and
direct coupling to the array of MLs are illustrated.

and radar applications. Although III-V compound semiconductors are traditionally
used for implementing the mm-wave power amplifiers, silicon is becoming more fa-
vorable due to its low cost and high integration capability [1]. However, the typical
RF power that needs to be delivered by power amplifiers (PAs) in emerging applica-
tions is beyond the current state-of-the-art of silicon devices due to their relatively
low breakdown voltage [2]. This problem can be overcome by combining signals from
multiple PAs into a single radiating antenna element. However, this approach is not
well-suited for IC solutions, since an on-chip combiner as well as an antenna and its
interconnecting transition should be low-loss [3–6]. Moreover, losses in conventional
circuit power combiners exacerbate if the number of channels increases [7, 8]. This
fact limits the feasible combined output power and reduces efficiency. Table 1, which
presents state of the art mm-wave integrated power combiners, exemplifies this effect
for two CMOS-based combiners with 2 and 4 channels [8–10]. Another challenge is
the integration with antenna elements, which are comparable in size to ICs at these
frequencies [11–13].

A possible solution towards the efficient wide band high power silicon-based trans-
mitters at mm-wave frequencies is the recently proposed multi-channel transition with
spatial power combining functionality [14], where an array of strongly-coupled mi-
crostrip lines (MLs) interface a single substrate integrated waveguide (SIW). The
corresponding back-to-back configuration is a passive structure, hence, the effects of
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Table 1: Comparison between state-of-the-art solutions and proposed design

Reference
Number of
channels

Frequency,
[GHz]

Bandwidth,
[%]

Losses,
[dB]

CMOS on-chip [8] 2 22-26 16.7 1.4

CMOS on-chip [9] 2 16-27 51.2 1

CMOS on-chip [10] 2 30-40 29.2 1.7

CMOS on-chip [8] 4 22-26 16.7 2.4

[this work] 4 24.5-37.8 42 0.2

[this work] 8 25.1-36.4 37 0.3

imperfect PAs on the radiation performance of an interconnected antenna element
remain to be studied. This study is important to conduct because the MLs are not
isolated (−8 dB). The PAs will therefore couple via the common SIW structure. In
turn, the input ML active impedances change with the ML excitation. These active
input impedances are the load impedances presented to interconnected PAs. The PA
output power, efficiency, and non-linear distortion are highly dependent on the load
impedance [15]. Consequently, the combined output power is affected by unequal
PA signals; any deviation from the optimum PA load impedance leads to an output
power and efficiency reduction [16].

Given the above motivation, the novel contributions of the current work are: (i)
a new design procedure of the spatial power combiner in the presence of the critical
effects of power amplifiers in linear and non-linear regimes; (ii) experimental proof-
of-concept using a commercially available multi-channel PA IC. The key performance
metrics are the combined output power, power efficiency, linearity, impedance match-
ing and radiation pattern stability due to unequal PA input signals. This analysis
approach allows to determine the requirements for the multi-channel transmitter gain
spread in conjunction with the power combining module.

2 Design of the Power Combining Module Includ-

ing the Effects of PAs

Figure 1 shows a detailed model of the designed power combining module, which
employs the spatially distributed excitation of the SIW-based cavity modes by an
array of, in this case, four coupled MLs. A conventional waveguide interface was
used as an output port to demonstrate the power combining performance and to
measure the antenna pattern degradation of a standard gain horn in the presence
of imperfect PAs and manufacturing tolerances. Furthermore, to integrate a WG
interface, the design concept of the 90◦ bent interface between an SIW-based cavity
with etched aperture and a stepped ridge WG has been employed [17]. However,
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pure TE10 mode

multi-mode excitation

pure TE10 mode

multi-mode excitation

(a) (b)

Figure 2: Magnitude of the E-field distribution at 30 GHz inside: (a) a single-mode SIW excited by
an array of MLs [14]; (b) over-moded cavity with the open aperture excited by an array of ML.

instead of using the relatively bulky and long multi-section SIW in [17], the desired
multi-mode field distribution in the relatively wide SIW cavity is in this case directly
created by an array of coupled MLs [14]. The direct multi-mode excitation allows
to reduce the size of the transition and hence the losses in comparison with [17].
The consequence is that our transition becomes inseparable and, therefore, must be
designed and characterized as a single integrated multi-port unit. In contrast to
the previous back-to-back design [14], where four quasi-TEM modes are matched
to a single TE10 mode (See Fig. 2 (a)), the present structure has been optimized to
directly match the over-moded cavity with an open aperture, as shown in Figure 2 (b).
In this case, the electric field of the resonant cavity mode is concentrated near the
bottom orthogonal ridge and is coupled through the etched rectangular aperture into
the metal WR-28 flange with stepped ridges. Due to the low substrate height and
different medium the aperture region becomes very sensitive and hence challenging for
assembling. Figure 3 shows the geometry of the designed prototype. The divergent
MLs were included in the device under test (DUT) to be able to mount RF connectors
to the PCB and to decouple the extended routing of MLs1. By exploiting symmetry,
a two-port-only calibration kit is sufficient to de-embed most of the effects of the
four connectors from the measurement results. The structure employs the RO4350
laminate with thickness 0.254 mm and relative dielectric constant εr = 3.66.

As mentioned above, the output power, efficiency, and non-linear distortion are
highly dependent on the PA load impedances [15]. These loads can be represented
by active reflection coefficients at the combiner input ports:

Γn =
1

Gn

N∑
m=1

GmSnm, (1)

1 The extended microstrip lines and coaxial connectors can, in typical applications, be eliminated
by mounting the MMIC directly onto the PCB. Although such a structure will be more compact it
will not affect the conclusions of the present study.
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Figure 3: The geometry of proposed DUT including bent divergent routing lines to connectors.

where Snm is the S-parameter from combiner port m to n, while Gm = Ame
−jφm

is the complex gain of the m-th PA. The active impedances at the combiner input
ports are assumed to be optimal for achieving high output power and efficiency in
case of identical PAs (uniform excitation). However, in practice, individual PAs can
differ due to the different thermal regimes of each PA and/or due to fabrication
uncertainties. Therefore, interfacing PAs with varying and non-equal gains (Gn 6=
Gm|n,m ∈ {1...N}) to a non-isolating combiner (Snm|n6=m 6= 0) affects the active
impedances at the combiner input ports, and hence, degrades the individual PA
performance. Taking the above effects into account, a more holistic design procedure
has been proposed (See Fig. 4). It consists of two design phases: initial passive design
phase similar to work [14] and statistical co-optimization, which includes large-signal
behavior of coupled realistic PAs. In the first phase, an initial module geometry
is created based on the initial system specifications, such as the number of PAs,
optimum load impedance, and operation frequency. This geometry is numerically
optimized under the condition of uniform excitation to satisfy the initial performance
goals: active reflection coefficients and insertion loss levels over a certain frequency
bandwidth.

In the second design phase, the initially realized geometry is co-optimized in
conjunction with a large-signal PA model. Individual PA gains are statically varied
using Monte Carlo method in order to emulate a realistic PA gain spread. The
performance of such a joint active structure is evaluated in terms of PA metrics:
output power, efficiency, linearity. If the performance targets are satisfied for all
possible realizations, the final geometry is obtained. Otherwise, the module geometry
needs to be updated. The above procedure also allows one to determine the maximum
allowable variation of the PA gains.

167



Paper f. A Wideband and Low-Loss Spatial Power Combining...

Initial design phase (passive) I

Number of PAs, 
N

Operation 
frequency F0

Optimal load 
impedance, Z0

Geometry generation

EM simulation

Basic system specifications

Active reflection 
coefficient

Insertion losses

Performance targets
(uniform excitation)

Initial geometry

Yes

NoAre targets satisfied?

Statistical co-optimization (active) II

+PA
model

module
geometry

Varying gain of PAs, {G1..N }

Output power,
P1dBmin

Efficiency,
PAEmin

Performance targets

Linearity,
IM3max

Harmonic balance simulation

Are targets satisfied for 
all {G1..N }?

Final geometry

Yes

No

Expected 
individual PA 
gain spread Geometry 

update

Monte Carlo simulation 

a
ros
s

c

B
W

B
W

a
ros
s

c

Figure 4: A co-design optimization flow for the spatial power combining module.

In the present design an output stage based on conventional single-ended common-
base amplifier has been employed (See Fig. 5). The design is implemented in 0.25µm
SiGe:C BiCMOS technology [18], which is also the technology used for the quad
channel IC in our experimental verification (cf . Section 3). SiGe heterojunction
bipolar transistors (HBTs) operated in the common-base configuration are widely
used at high frequencies due to the higher maximum available power gain and rel-
atively higher output load compared to the common-emitter configuration [19, 20].
The scale of the HBT has been chosen in such a way to operate near peak current
density while remaining in safe operation in terms of electro-thermal breakdown [21].
This resulted in a high-voltage HBT with a 0.4×25.2×12 µm emitter area. A simple
biasing network based on the current mirror has been employed, Idc = 50 mA corre-
sponds to the class A/B operation point. In order to improve electrical stability at
lower frequencies an additional high-pass shunt RC network (20 Ω, 1 pF) has been
used. An output matching circuit based on transmission lines has been used in order
to match the output stage to 50-Ω load. The capacitor Cp = 30 fF represents a
typical parasitic layout capacitance. The load-pull simulations have been performed
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Figure 5: Simulated Class-A single-ended common-base output PA stage in SiGe HBT technology.
OMN=output matching network, BN=bias network, SN=stability network. An active load sweep
is performed.

in Keysight ADS using a harmonic balance technique. The simulated PA output
power at 1-dB compression point (P1dB) reaches the maximum value of 23.5 dBm
and remains above 23 dBm over the entire PA operation bandwidth (26.5–29.5 GHz).
The corresponding power efficiency at P1dB point is above 35%. The maximum PA
gain of 8.5 dB is observed at 28 GHz.

Figure 6 shows the simulated P1dB output power and efficiency contours at
28 GHz in the load reflection coefficient plane. The clusters of points represent Γ1,2

of the multi-port power combiner in the presence of normally distributed phase and
amplitude deviations representing non-indantical PAs with standard deviation, σ, of
1 dB and 15◦, respectivly. As one can see, most of the active load realizations remain
within the region of high efficiency and high output power, although for higher σ the
cluster of points is more spread.

Another important performance metric of a PA is its linearity. Nonlinear proper-
ties of the PA interconnected to the power combining module have been quantified
by performing a two-tone test. The relative magnitude of the output third-order in-
termodulation (IM3) products has been used as a measure of nonlinearity. The IM3
products are the most critical ones for this design since they appear in the operating
frequency range. In the performed test, two spectrally pure tones at frequencies f1

and f2 are applied to the PA input port. The tones are centered around the center
frequency, f0 = 28 GHz, and separated by ∆f = 0.1 GHz, such that f1 = f0 − ∆f
and f2 = f0 + ∆f . A large input signal drives the PA into its nonlinear operating
range. As a result, IM3 products appear in the output signal at frequincies 2f1 − f2

and 2f2 − f1. Figure 7 shows the magnitude of the output IM3 products relative
to the corresponding fundamental tones as a function of the two-tone input power
for a single PA (curve ×1) and the combined PA (×4). As expected, operating at
higher output power levels leads to a significant increase in the relative magnitude of
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IM3 components. Asymmetry of the magnitude of the upper and lower IM3 products
is similar for both considered cases and indicates the memory effects in the nonlin-
ear transfer function of the PA. The IM3 curves for the combined PA are 5.5 dB
shifted compared to the single PA case whereas their shapes are the same for both
configurations. The latter confirms that the module itself has no effect on linearity.
However, the output impedance mismatch caused by non-equal PA gains might affect
the linearity of the combined PA. Figure 8 shows the relative output IM3 products
in the load reflection coefficient plane for a single PA. The testing is carried out at
f0 = 28 GHz with ∆f = 0.1 GHz, Pin = 10 dBm. The cluster of points represents
Γ1,2 of the power combining module in the presence of normally distributed phase
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Figure 6: Simulated PA P1dB output power (blue) and efficiency (red) contours at 28 GHz in the
load reflection coefficient plane. The cluster of points represent Γ1,2 of the power combining module
in the presence of normally distributed: (a) Phase errors with µ = 0◦ and σ = 15◦; (b) Amplitude
errors with µ = 0 dB and σ = 1 dB; (c) Both amplitude and phase errors. The colored regions
indicate |Γ1,2| ≤ −10 dB.
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and amplitude with standard deviation, σ, of 1 dB and 15◦, respectively. As one can
see, most of the active load realizations correspond to the same relative IM3 level
(−28 dBc), which indicates a negligible effect of the load mismatch on the combined
PA linearity. The conclusions are the same for different input power levels, Pin, and
these results have therefore been omitted. A combined PA could be considered as
a single unit with a nonlinear transfer function. Therefore, conventional techniques
such as feedback, feed forward, analog and digital pre-distortion are applicable for
its linearization [22].

This study has been used to determine the PA requirements in terms of the
maximum allowable relative difference of the phase and amplitude. The results show
that good performance (relative output power reduction ≤ 1 dB) can be expected
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Table 2: The optimum design parameters, as shown in Figure 3.

Lw Ww Gs Ls Ws Wr1 Lr1 Wr2 Lr2 H

3.56 7.11 0.77 1.53 3.40 0.71 1.72 2.69 0.53 6.00

w1 w2 g1 g2 s0 s d W h1 L

0.79 0.43 0.42 0.38 0.25 0.63 0.3 5.79 2.32 1.21

l1 l2 l3 l4 l5 l6 α h2

0.74 2.00 1.54 5.00 1.9 0.63 135◦ 2.71

as long as PA gain variations remain within ±15◦ for the phase and ±1 dB for the
amplitude. The corresponding optimum combiner design parameters (in mm) are
shown in Table 2.

A non-uniform input port excitation also causes the higher-order modes in the
SIW-based cavity to be excited with different amplitudes. Higher-order modes at the
antenna side of the discontinuity radiate out directly if these are propagating modes
and thus affect the radiation pattern shape when excited strongly. If higher-order
modes are evanescent, they will store different amounts of reactive energy at the tran-
sition depending upon their excitation, which in turn affects the PA matching as well
as the PA gain, efficiency and output power, also for the dominant propagating mode.
The latter effect is already modeled by the existing dominant mode S-parameter ma-
trix. Finally, the amplitude level of the higher-order evanescent modes could still be
significant in the closely located output port. Interfacing a radiation element support-
ing the propagation of higher-order modes to such a port might degrade the radiation
pattern shape. Thus it is important to investigate the aperture modal content and
their excitation profile in the presence of a non-uniform excitation.
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Figure 9: Simulated amplitudes of the propagating TE10 (blue) and TE30 (red) modes in the aper-
ture of a H-plane flared horn with multi-port excitation in the presence of randomly distributed
phase errors with maximum deviation ∆φ. The realizations corresponding the lowest TE10 ampli-
tude are given for each ∆φ. Dashed lines show corresponding mode levels in case of a single-mode
wave-port excitation at the horn base.
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3. Measurement Results

An H-plane flared horn supporting the propagation of TE10-TE30 modes has been
simulated in conjunction with the proposed power combining module in the presence
of randomly distributed phase errors with maximum deviation ∆φ at 30 GHz (See
Fig. 9). The realizations corresponding to the lowest TE10 amplitude (worst-case
scenario) are given for each ∆φ. Dashed lines show corresponding mode levels in the
case of a single wave-port excitation. Due to the symmetry of the structure, the TE20

mode level is negligible and this result has therefore been omitted. As one can see,
increasing ∆φ does not increase the TE30 mode level, in fact, the relative level to
that of the main TE10 mode remains the same. Consequently, the total aperture field
distribution is not a function of ∆φ, which confirms the pattern shape sustainability
over a range of phase excitations.

3 Measurement Results

The designed passive prototype has four 50-Ω coaxial ports for testing with a standard
VNA and a single WR-28 antenna interface (See the photos in Fig. 10). The prototype
is formed by stacking a standard double-sided PCB on the aluminium WG flange,
which contains embedded ridges. As discussed in the previous section, the region
between the etched aperture and the bottom ridge is very sensitive to fabrication
tolerances, and an extra adjustment element was, therefore, developed. It constitutes
a movable metal plate with a trimming screw, which can be used to control pressure
contact between the PCB and the aluminium flange. The top side of the flange has
a standard WR-28 interface, which can also be used as an open-ended WG radiating
element. The stack has on overall size of approximately 46× 46× 6 mm.

3.1 Input Impedance Matching

The measured and simulated WR-28 port reflection coefficients are shown in Figure 11
with the 50-Ω terminated coaxial ports. It is seen that SWR−28

55 < −14 dB from 24.5–

1

2 3

4

5

WR-28

(Top view)(Bottom view)

Adjustment 
element

Figure 10: Fabricated spatial power combining module prototype.
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37.8 GHz. The measured active reflection coefficients of the symmetric 50-Ω ports are
shown in Figure 12. The active reflection coefficients are calculated from the measured
5×5 S-matrix assuming the uniform excitation scenario. The obtained |Γ1| and |Γ2| <
−13 dB in the desired frequency range, and remain < −10 dB for frequencies in the
range 24.5– 37.8 GHz. This corresponds to a 42% bandwidth. All curves are close
to each other and in good agreement with the simulations shown by black dashed
lines. Visible ripples are attributed to the connector interfaces and bent MLs, which
cannot be completely de-embedded by the designed two-port TRL calibration kit,
since the ports are slightly different in practice. The measured and simulated WR-28
port reflection coefficients do not exceed −15 dB and −20 dB, respectively. The
observed difference between measurements and simulations is mainly attributed to
the connector interfaces and bent MLs which cannot be completely de-embedded by
the designed two-port ML TRL calibration kit, since in practice the ports are slightly
different. Figure 12 (b) shows the coupling coefficients between the 50-Ω input ports.
As one can see, the coupling between the edge ports (|S14|) reaches −7 dB level,
whereas the coupling between port 1 and port 3 (|S13|) is below −14 dB over the
entire PA operation frequency range. The relatively high |S14| does not significantly
affects the individual PA performance (cf Section 2) and mainly attributes to the
coupling between the ports within SIW modes.
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Figure 11: Measured (solid) and simulated (dashed) reflection coefficient of WR-28 port (coaxial
ports are terminated), as shown in Fig. 10. The colored region shows the operation band of PAs.
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Figure 12: Measured: (a) Active reflection coefficients of the 50-Ω microstrip ports of the prototype
(including effect of connectors), as shown in Fig. 10 (WR-28 port is terminated); (b) Mutual coupling
coefficients between the input ports. The colored region shows the operation band of PAs.
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3.2 Radiation Pattern

The radiation performance has been investigated in conjunction with a standard gain
horn antenna at the desired frequency range.

Figure 13 shows the measured H-plane radiation pattern at 28 GHz that was
obtained by combining four embedded element patterns, each of which corresponds
to the excitation of one port while terminating the others. As one can see, the
relative difference between the measured patterns with the single port and multi-port
feeding is negligible (< −35 dB within the angular region of ±20◦). This difference is
comparable with a relative measurement uncertainty, which increases to −20 dB at
larger angles. This fact confirms a good rejection of higher-order propagating modes
that, in general, can be excited through asymmetric feeding. The conclusions are the
same for the E-plane patterns and these results have therefore been omitted.

Radiating

element

Feed

0

Figure 13: Measured H-plane normalized EIRP pattern of the standard gain horn antenna connected
to the proposed spatial power combining module (red) and conventional probe-type feed (blue) at
28 GHz. The relative difference is shown by the black dashed line.

3.3 Power Combining

In order to demonstrate the proposed concept in the presence of the critical effects of
realistic power amplifiers, the fabricated power combining module has been interfaced
to Class-A/B PAs. The PAs are integrated as a part of a quad-channel beamforming
SiGe HBT IC [23], as shown in Figure 14. The beamforming IC has one input and
four output RF branches operating in the 26.5–29.5 GHz frequency band.

The beamforming IC input and output ports have a 50-Ω nominal impedance.
The beamforming IC on the evaluation board has been connected to the multi-port
combiner by four short coaxial cables. Such connection allows for an extra flexibility
during the calibration and measurements. In practical applications the IC can be
directly mounted on the same PCB without any cables and routing lines. The gain
and phase of each branch can be controlled via a digital interface using a proprietary
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Figure 14: Architecture of the quad-channel beamforming SiGe HBT IC in connection with power
combining module.
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Figure 15: Measurement setup for evaluating the power combining module in conjunction with PAs
(vector network analyzer and cables are not shown).

protocol. The phase and amplitude values have a 6-bit range, which results in ±5.6◦

and 0.5 dB resolution for the phase and amplitude respectively. This ability has been
used to compensate for various lengths of cables between the beamforming IC board
and the power combiner. It allows driving the proposed structure with a calibrated
equal amplitude and phase distribution, but also to examine the effect of amplitude
and phase variations. The efficiency of PAs cannot be measured since the beamformer
IC does not have separate biasing pins for the output stage. Figure 15 illustrates the
measurement setup.

Figure 16 shows the relative increase of the generated output power of the 4×PA
combined by the proposed module with respect to a single PA over the 24–31 GHz
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Figure 16: Simulated (dashed) and measured (solid) relative increase of the generated output power
of the 4×PA combined by the proposed module, as shown Fig. 3, with respect to a single PA in
nonlinear (P1dB point) and linear regime. The colored region shows the operation band of PAs.
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Figure 17: Normalized measured output power versus input power for single PAs (dashed) and
after combination with proposed module (solid) at 28 GHz. The set of curves shows measured
performance reduction in the presence of ±15◦ phase variation.

frequency range for different PA operational regimes. The measured results are com-
pared to the EM simulated model, which accounts for dielectric losses. The measured
result in the linear regime is close to the simulation, however, the average level is a
bit lower due to the losses in the extended routing of the MLs. The dielectric and
radiation losses have been estimated based on the HFSS simulated data. At 30 GHz,
the total simulated losses of the DUT are 0.55 dB, where the contribution of dielectric
and radiation losses are 0.19 and 0.36 dB, respectively. Radiation losses are dom-
inant and attributed to the bent MLs, but these can be eliminated through direct
MMIC interfacing. The overall expected losses of the proposed spatial power combin-
ing module without extended routing lines do not exceed 0.3 dB. Since we are using
a parallel power combiner, the losses do not significantly increase with the number
of added amplifiers, in contrast to conventional on-chip power combining techniques
(See Table 1). There is no considerable difference between the measured relative
power increase in the linear and nonlinear regime.

Also, there is a slightly higher (0.3 dB) relative power increase in the nonlinear
regime at some frequency points. This is due to the PA dissimilarities, which have
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not been compensated for in the measurements. Hence, the spatial power combining
module does not affect the PA performance over the whole input power range.

Figure 17 shows the measured combined power compared to the output power
of each PA versus input power. The input and output powers were normalized to
obtain 0 dB gain at the P1dB point. The nonlinear behaviour of the joint PA and
power combining module is similar to a single PA. The performance reduction in the
presence of phase deviations has been investigated by manually adjusting the phase
shift for each beamformer IC branch. The measured set of curves (semitransparent)
correspond to ±15◦ phase variation. As one can see, in the worst scenario the output
power decrease is less than 1 dB, which is in good agreement with simulations (See
Fig. 6).

4 Conclusion

The joint optimization procedure of a spatial power combining module has been
proposed and proven necessary to account for the critical effects of coupled PAs and to
ultimately improve the large-signal performance of the combined PA. A class-A single-
ended common-base output PA stage in SiGe HBT technology has been employed in
the present design. The developed power combining module facilitates efficient mm-
wave power generation over 42% bandwidth (24.5–37.8 GHz) where the total power
loss due to this module is ≤0.5 dB in simulations and ≤0.7 dB in measurements.
The performed statistical study shows that good performance (relative output power
reduction ≤ 1 dB) can be expected as long as PA gain variations remain within ±15◦

for the phase and ±1 dB for the amplitude. The corresponding output impedance
mismatch caused by non-equal PA gains has a negligible effect on linearity of the
combined PA.

To the authors best knowledge, this is the first experimental demonstration of a
compact parallel power combiner with optimal excitation of the SIW-based cavity
modes through strongly-coupled microstrip lines. The increase of the total generated
output power in the nonlinear regime of PAs @P1dB remains virtually constant (5.5
dB for 4×PA). The over-the-air tests confirm that the antenna pattern shape is
stable with negligible degradation effects due to multi-port excitation. The low loss
and wideband properties of the proposed solution is expected to play an important
role in efficient high power wideband mm-wave transmitters.
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M. Ivashina

Abstract

We present a wideband Watt-level power amplifier (PA) for Ka-band
designed and implemented in 0.25 µm SiGe:C BiCMOS technology. The
core of the design is a chip with multiple custom PA unit cells, which
are interfaced with a power combiner placed on a laminate. The power
combiner is based on a principle of the recently proposed multichannel
transition with spatial power combining functionality, where an array of
strongly coupled microstrip lines interfaces a single substrate integrated
waveguide. The custom-designed PA unit cell is a differential cascode
amplifier, which has a wideband performance (23 − 34 GHz) with both
high efficiency (30%) and high output power (24.9 dBm). The realized
Watt-level PA combining four PA unit cells achieves a saturated output
power of 30.8 dBm with 26.7% power-added efficiency. This combination
of the high efficiency and high output power over a wide frequency band
(30%) is an advantageous property of the proposed solution with respect
to the previously published designs. The achieved high performance is
the result of using the proposed architecture with low-loss (0.6 dB) and
wideband (54%) parallel spatial power combiner. Moreover, the proposed
joint EM-circuit-thermal optimization allows achieving optimal system-
level performance by taking into account the effects of mutual coupling
between closely spaced PA-cells, distributed DC feeding lines, and inter-
connections to laminate. In addition, a multiphysics approach used in the
design flow allows mitigating the thermal issues caused by a high power
density in a relatively small chip. This article describes the design and
performance of the whole integrated structure and its individual compo-
nents.

1 Introduction

The next-generation wireless communication systems, imaging, and radar appli-
cations demand integrated transmitters with high output power and efficiency at
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Figure 1: (a) An illustration of the designed spatial power-combined PA. The chip with 4×PA-
cells is flip-chip interconnected to a substrate integrated waveguide (SIW) placed on the laminate.
The direct coupling of 4 distributed PAs to the TE10 mode and its propagation inside the SIW
are illustrated. (b) The obtained performance is compared with reported mm-Wave Si-based PAs
employing various on-chip combining solutions [3].

millimeter-wave (mm-Wave) frequencies. Despite the obvious advantage of a wide
available spectrum, using mm-Wave bands is accompanied by many technological
challenges. Mainly, this is due to the increased propagation and material loss, as
well as limitations of the existing semiconductors, which deliver less power at these
frequencies [1]. Although III-V compound semiconductors are traditionally used for
implementing mm-Wave power amplifiers (PAs), silicon is becoming more favorable
due to its low cost and high integration capabilities [2]. However, the relatively low
breakdown voltage of silicon devices does not allow one to directly generate high RF
power as required in the emerging future applications. The latter could be partly
overcome by combining the power of multiple active devices. Unfortunately, con-
ventional on-chip power combining networks have inherently high insertion losses at
mm-Wave frequencies, which significantly increase with the number of interconnected
devices. This fact limits the maximum potentially achievable combined output power
and reduces efficiency of PAs [4–6], as shown in Fig. 1.

In this work, an efficient, parallel spatial power combining of an array of four
custom SiGe PA unit cells integrated on the same chip is employed to realize a
wideband Watt-level PA (See Fig. 1). The chip has a single input and multiple (4 in
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the present example) outputs, which are interfaced with a power combiner placed on
a laminate. The power combiner is based on the principle of the recently proposed
multichannel transition with spatial power combining functionality [7], where an array
of strongly-coupled microstrip lines (MLs) interfaces a single substrate integrated
waveguide (SIW). This allows for the direct excitation of waveguide modes with
high power, and hence, realizes a desired spatial power combing functionality, which
obviates the need for potentially lossy on-chip power combiners. A tapered ML
transition is used on the other side of the combiner to make the output interface
suitable for conventional ground-signal-ground RF measurement probes. In practical
applications, the design will include an SIW-based antenna element [8–10], and the
tapered ML transition will be removed.

Currently, there are no commercially available chips suitable for the proposed
architecture. Therefore, the chip containing the custom high-power PA unit cells is
designed and implemented in 0.25 µm SiGe:C BiCMOS technology. The PA unit cell
is a differential cascode amplifier, which has a single-ended 50-Ω input and output.

This paper describes the design of the combined PA using a non-conventional
EM-circuit-thermal optimization flow, which allows achieving optimal system-level
performance. The performance of the combined PA and its individual components
is presented with respect to the existing Si-based Ka-band PAs, where lossy on-chip
power combining solutions are used. The main performance goal is high output power
in combination with high efficiency over the wide frequency band.

2 Design Flow

In contrast to conventional stand-alone system-on-chip solutions, the proposed in-
tegrated structure has a relatively high design complexity caused by various multi-
physics effects related to:

• Mutual coupling between closely spaced PA-cells;

• DC routing lines and distributed ground topology;

• Imperfect flip-chip interconnections;

• Presence of underfill and solder mask;

• Excessive heat generation from a relatively small die.

Ignoring these effects prevents the linear scaling of output power with the number of
PA-cells and, as a result, leads to a reduction of efficiency.

In order to take the above effects into account, a more holistic multiphysics design
flow has been proposed. It consists of two design phases: initial design phase, where
the PA-cell and power combiner are designed separately from one another, and joint
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Figure 2: A multiphysics design flow for a mmWave SiGe spatial power-combined PA.

EM-circuit-thermal optimization, which allows achieving the optimal system-level
performance of the combined PA in terms of power-added efficiency (PAE) and satu-
rated output power (P sat) while mitigating the thermal issues caused by a high power
density in the relatively small chip. In the initial design phase, the non-isolating com-
biner has been optimized to realize an optimal active impedance matching under the
condition of uniform excitation (identical PA-cells). This optimization problem has
been described in [11]. The key optimization targets are low active reflection co-
efficients of the input ports and low insertion losses. Therefore, the present work
is focused on the joint optimization as well as the stand-alone PA-cell design. The
corresponding design phases are discussed in detail in the following sections.

3 Power Amplifier Unit Cell

As mentioned before, commercial chips with the proposed architecture do not ex-
ist. Moreover, most reported single PA designs implemented in Si-based processes
at these frequencies either have low output power (≤ 15 dBm) [12–14] or include
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3. Power Amplifier Unit Cell

lossy power combiners, which dramatically reduce efficiency and limit the operation
bandwidth [15, 16]. Therefore, an essential next step towards the implementation of
the proposed architecture is to design a wideband and high-power PA unit cell. The
main performance targets are:

• High saturated output power (≥ 24 dBm);

• High power-added efficiency (≥ 25%);

• Wide gain bandwidth (≥ 35%);

• Compact size (≤ 0.5×0.5 mm).

The latter allows one to fit more PA unit cells on the same chip, and hence, to increase
the output power.

3.1 Circuit Design

The PA unit cell is a differential cascode amplifier [17], which has single-ended 50-Ω
input and output, as shown in Figure 3. The common-base (CB) device is formed by
a parallel connection of three high-voltage heterojunction bipolar transistors, each of
which has three emitters. It allows to increase the output current, and thus output
power. The total CB emitter area is 9× 0.4×25.2 µm2. The common-emitter (CE)
device is a low-voltage transistor, which optimal current density corresponding to
the peak ft is three times higher as compared to high-voltage devices of the used
technology [18]. Therefore, since both types of devices share a common collector
current in the employed cascode configuration, the emitter area of the low-voltage
CE device is three times smaller.

A simple biasing network based on the current mirror has been employed (See
Fig. 3 (b)), where the fixed reference current corresponds to the class A/B operation
point. The default biasing settings: V main= 5 V, V b= 2.5 V, V cas= 1.5 V. In order
to improve electrical stability at lower frequencies an additional high-pass shunt RC
(Rs= 8 Ω, Cs= 1 pF) network has been used.

Stacked Marshand baluns based on coupled TLs are used to convert a single-
ended signal to differential, and vice versa [19, 20]. The output balun also performs
an impedance transformation in order to match the relatively low PA unit cell op-
timal load impedance to 50-Ω. Based on the performed load-pull simulations (See
Figure 4 (a)), the designed differential cascode stage has an optimal differential load
represented by a parallel connection of CL = −90 fF and RL = 70 Ω. This equivalent
load allows for achieving both high output power (≥ 23.8 dBm) and efficiency(≥ 39%)
over the wide frequency range (> 50%). Figure 4 (b) shows the simulated load-pull
contours of the complete PA-cell with single-ended 50-Ω load. As one can see, the
obtained peak values of the output power and PAE are reduced by 1.1 dB and 9%,
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Figure 3: The PA unit cell design: (a) The block diagram of unit cell including input/output baluns
configurations; (b) Differential cascode PA circuit diagram; (c) The biasing network circuit diagram.
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Figure 4: Simulated load-pull contours of PAE (red) and P1dB output power (blue) at 30 GHz: (a)
PA-cell core with differential load; (b) complete PA-cell with single-ended 50-Ω load.

respectively, compared to the PA-cell core with the optimal differential load. These
values are found acceptable and mostly caused by losses in the output balun and
interconnections.

The input balun also includes an addition inductor in order to realize conjugate
matching, and hence, to maximize the PA unit cell gain. DC biasing is applied at the
center tap of the baluns to eliminate the need for separate bias chokes. The geometry
of the baluns have been optimized using a finite element method EM-solver in An-
sys HFSS. The key optimization goals are wideband impedance matching and high
common-mode rejection. The simulation model of the PA unit cell consists of an 8×8
S-matrix representing the baluns with the chip ground topology and RLC extracted
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3. Power Amplifier Unit Cell

circuit of the interconnected devices. This is necessary to include layout parasitics
of the distributed devices into account. Deep trench isolation is implemented below
the baluns and RF pads in order to reduce substrate parasitic effects.

3.2 Measurement Results

The measured small-signal performance of the designed PA unit cell over the 0.1 −
45 GHz frequency range is shown in Figure 5. The maximum obtained PA gain (|S21|)
of 16.1 dB can be observed at 26.6 GHz. The demonstrated 3-dB bandwidth is 45%
and corresponds to 20.8 − 33 GHz frequency range. The input reflection coefficient
(|S11|) is below −10 dB over the 25−45 GHz range (57%), while |S22| ≥ −5 dB. The
relatively high |S22| level is caused by the realized optimal power matching, which is
different from conjugate matching. The measured reverse isolation (|S12|) remains
below −35 dB. The stability K-factor calculated from the measured data confirms
that the circuit is unconditionally stable [21]. The measurement low-signal curves
exhibit similar behavior as the simulations (shown by the dashed lines), however, the
average levels are slightly different due to the modeling inaccuracies.

The PA unit cell saturated output power, P sat, and maximum peak power-added
efficiency (PAE) over the operation frequency band (25–38 GHz) are shown in Fig-
ure 6 and 7 respectively. The results correspond to the default biasing settings. The
maximum obtained output power of 24.9 dBm can be observed at 25.7 GHz. The out-
put power 1-dB bandwidth is about 10.5 GHz, ranging from 23.0 GHz to 34.0 GHz,
and corresponds to a 38.6% fractional bandwidth. The maximum measured PAE
reaches 30% at 26.2 GHz and remains above 24% over the entire 1-dB P sat band-
width. The differences between the measurements and simulations are believed due
to the limited accuracy of the Si substrate EM model as well as inaccurate modeling
of complex distributed effects in the relatively large devices.
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Figure 5: Measured (solid lines) and simulated (dashed lines) small-signal performance of the de-
signed PA unit cell. The maximum obtained PA gain (|S21|) is 16.1 dB at 26.6 GHz.
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Figure 6: Comparison between the measured (solid line) and simulated (dashed line) saturated
output power, P sat, levels of the PA unit cell.
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Figure 7: The measured (solid line) and simulated (dashed line) maximum peak PAE of the PA
unit cell.

4 Combined Power Amplifier

4.1 Description of the Architecture

The above-described PA unit cell has been employed to realize the combined Watt-
level PA as illustrated in Figure 1. The core of this design is the chip with an array of
four identical PA unit cells, each of which is in-phase fed using a 4-way transmission-
line based Wilkinson power splitter.

The splitter is based on coplanar-waveguide (CPW) transmission lines using the
top metal layer (M6) for the signal and return paths and having a patterned ground
shield on the lower metal layer (M4). Employing the top metal layers, which are
thicker, allows one to reduce the resistive losses as well as to minimize the negative
effect of substrate parasitics. However, based on the performed EM simulations, the
insertion losses of the designed splitter still remain high and reach −7.8 dB level
at 35 GHz. Moreover, in practice, a flip-chip interconnected die lies on a board
solder mask, which is intrinsically lossy and hence degrades a splitter/combiner per-
formance. Therefore, off-chip power-combining solutions become more attractive due
to their low insertion losses.

In order to potentially fit more parallel PA unit cells on a single die, and hence
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Figure 8: The die photo showing its interior architecture. The chip size including pads for stud
bumping is 2031× 1481 µm (2.9 mm2).

increase the combined output power, the pitch between adjacent PA unit cells has
been chosen to be 370 µm. The latter allows putting one row of grounded pads
between PA unit cells and hence prevent undesired coupling effects.

The chip is flip-chip interconnected using stud-bumps to the laminate, where the
power combiner, input/output interfaces, and DC biasing lines are placed. In order
to realize proper mechanical and galvanic connections between the chip and laminate,
a grid of ground pads for stud-bumps has been placed all around the interior layout.
The pitch between adjacent pads is 180 µm. The final chip has an overall size of
2031× 1481 µm, which corresponds to the area of 2.9 mm2.

4.2 Joint EM-Circuit-Thermal Optimization

Although the initially designed stand-alone PA-cell and power combiner individually
have the desired performance, the combined structure requires an additional joint
optimization. Figure 9 (a) shows a complete EM simulation model of the combined
PA. It includes the actual chip topology interconnected to the laminate, where input
and output ports are placed. The chip model consists of a 4-way TL-based Wilkinson
power splitter with each output path followed by a PA unit cell layout with five
internal ports (Bp, Bn, Cp, Cn, Vcas) for interconnecting a cascode active circuitry,
as shown in Figure 3.

The networks required for distribution of the DC supply and bias signals to PA
unit cells can introduce an asymmetry in the operation of those parallel cells as these
networks are often implemented in an asymmetric way due to limitations within a
chip topology. Moreover, these networks can increase the undesired electrical cou-
pling between parallel PA unit cells. In order to avoid these undesired effects, the
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Figure 9: Simulation model of the designed spatial power-combined PA containing 4×PA-cells: (a)
EM model of the die flip-chip interconnected to the combiner placed on the laminate; (b) circuit-level
block diagram.

required biasing voltage is locally generated at each active block (See Fig. 3 (c)),
thereby simplifying DC routing lines and eliminating the potential asymmetry of the
distribution network. The remaining routing lines are included in the chip EM model.
The corresponding DC feeding ports (Vmain1,2, Vcas1,2) are placed on the laminate.
In order to prevent undesired coupling effects between parallel PA-cells, a row of
grounded pads has been placed in-between adjacent PA-cells. In practice, a flip-chip
interconnected die lies on a lossy solder mask covering the laminate. Therefore, a
realistic solder mask pattern is also included in the simulation model.

Figure 9 (b) shows a circuit-level block diagram of the proposed simulation test-
bench. It has four identical RLC extracted circuits of the active core, derived in the
initial designs phase, which are interfaced with a 26 ports S-matrix, representing the
complete EM model of the structure, as shown in Figure 9 (a). The HFSS-obtained S-
matrix characterizes the structure from DC up to the 6th-order harmonics. The latter
allows us to directly bias parallel active cores through the S-matrix, and as a result,
take into account realistic losses in the DC biasing network. Since internal oscillation
loops can exist within this multi-cell topology, the stability of the design is checked at
distinctive internal nodes using time-domain simulations with a pulsed input signal.
A harmonic balance analysis has been used to evaluate the large-signal performance
of the PA. In this phase, the combined geometry is numerically optimized to ensure
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Figure 10: Thermal analysis in large-signal operation: (a) surface temperature; (b) air velocity. The
ambient temperature is 25◦C.

circuit stability as well as to satisfy the main system-level performance goals: P sat

and PAE over a certain frequency bandwidth.

Placing multiple parallel PA unit cells on one die causes higher power loss densities
and, therefore, higher and faster temperature evolution inside the chip. Overheat
might seriously reduce device performance and reliability [22]. Heat is transferred in
three ways: conduction, convection, and radiation. Since heat radiation is effective
only when source surface area is large enough, the following two paths are the main
contribution to heat dissipation:

• Convection from the surface of the die to the air;

• Conduction through interconecting stud-bumps to the laminate and then con-
vection to the air.

Figure 10 (a) and (b) show the simulated steady-state surface temperature of the
combined PA and air velocity in the surrounding region, respectively. The airflow
corresponds to natural convection. The power level of a heat source, 2.5 W, corre-
sponds to the output power and efficiency values obtained in the previously performed
harmonic balance analysis. According to the thermal simulations, the heat dissipa-
tion path via stud-bumps is the most effective and accounts for 80% of total heat
dissipation. Therefore, it is important to realize a proper thermal connection between
the chip and laminate by placing a grid of ground pads for stud-bumps all around the
interior layout. Moreover, the board should be designed in such a way as to realize
the fastest possible heat transfer from the chip into the lower laminate metal lay-
ers. This iterative optimization process continues until both the desired large signal
performance and safe temperature regime are obtained.
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4.3 Spatial Power Combiner

The power combiner is based on a principle of the recently proposed multichannel
transition with spatial power combining functionality, where an array of strongly
coupled microstrip lines interfaces a single SIW [11].

Figure 11 shows the developed board containing the power combiner as well as
its two back-to-back configurations, which are needed for test purposes. A tapered
ML transition is used on the other side of the combiner to make the output interface
suitable for conventional GSG RF measurement probes. In potential applications,
the design will include an SIW-based antenna element, and the tapered ML transi-
tion will be removed. The non-isolating spatial power combiner has been designed
through active impedance matching. The critical design parameters are the positions
of MLs, the distances between MLs, their lengths and widths. The combiner has been
optimized to realize an optimal active impedance matching under the condition of
uniform excitation (identical PA unit cells). This optimization problem has been de-
scribed in [23]. Figure 11 (b) shows the x-ray image of the board area corresponding
to the chip footprint. It has a grid ground topology with blind metalized vias making
a good RF connection between the chip distributed ground and the board bottom
ground plane. Moreover, the metalized vias are involved in thermal heat transfer
from the chip into the lower board metal layers. The footprint ground topology has
been numerically optimized using Ansys HFSS.

The structure is built on a hybrid multilayer board, which is formed by stacking
three core laminates. The top and bottom substrates are Astra MT77 laminates with
the relatively low thickness of 127 µm, whereas the middle core is FR4 with the thick-
ness of 300 µm, which makes the structure more rigid. Due to the relatively small size
of the designed structure compared to a typical coaxial connector footprint, it has
been decided to perform direct on-laminate measurements using miniature contact
probes originally intended for on-wafer measurements. It allows one to eliminate the
need for bulky RF connectors and relatively long interconnecting lines and transi-
tions. The latter makes the structure more compact as well as simplifies a calibration
procedure. However, the use of on-wafer probes on laminate imposes specific require-
ments on mechanical properties of the corresponding contact pads. In order to meet
these requirements, a thick layer of pure gold has been deposited on top of the copper
traces. Figure 12 (a) shows the image of the fabricated board cross-section, which
is obtained by using scanning electron microscopy [24]. The measured thickness of
the gold and copper layers are 6 µm and 23 µm, respectively. From the fabrication
perspective, it is difficult to uniformly deposit such a thick gold layer over the whole
board surface. As a result, higher surface roughness might be expected. Figure 12 (b)
shows the measured surface roughness map of the area of 100×100 µm2. The mea-
sured root-mean-squared roughness calculated over the entire measured surface is
435 nm, however, the maximum peak height and valley depth reach values of 755 nm
and 1400 nm, respectively. These measurements have been used later for building a
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Figure 11: Fabricated board: (a) Layout of the designed power combiner including its two back-to-
back configurations; (b) X-ray image of the board area corresponding to the chip footprint.
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Figure 12: The results of scanning electron microscopy: (a) Cross-section of the fabricated board
indicating the quality of the gold finishing on top of the copper trace; (b) Map of the surface
roughness (100×100 µm2 area).

more accurate equivalent surface model in Ansys HFSS.

The power combiner has been tested in two back-to-back configurations: the com-
plete back-to-back configuration (II) and the configuration excluding the arrangments
of four MLs (I), as shown in Figure 11. That has been done for three main reasons:
verification that the board fabrication was completed satisfactorily, prediction of the
measured combined output power reduction caused by the realistic combiner losses,
and the characterization of the losses inside the SIW with a tapered ML transition.

Figure 13 shows the measured and simulated |S11| and |S12| of the power com-
biner in the back-to-back configuration (II). The simulations with and without taking
into account the realistic surface roughness are shown by dotted and dashed lines,
respectively. The set of curves indicates the spread between three measured sam-
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Figure 13: The measured and simulated (a) |S11| and (b) |S12| of the complete power combiner in
a back-to-back configuration (II). The set of curves shows the spread between different samples.
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Figure 14: Comparison between the measured |S12| of different back-to-back configurations, as
shown in Fig. 11 (a). The set of curves shows the spread between the different samples.

ples. As one can see, the measured 50-Ω reflection coefficient, |S11|, remains below
< −10 dB over the whole range (22.5 − 38.5 GHz). The different samples have a
similar performance and are in good agreement with simulations. The measured
transmission coefficient between the ports of the complete back-to-back configura-
tion, |S12|, remains ≥ −1.7 dB over the 22 − 38 GHz frequency range and reaches
−1.2 dB at 28 GHz, which results in approximately 0.6 dB insertion losses for a
single combiner itself. Comparison between simulated and measured curves shows
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that the used equivalent surface roughness model adequately describes the impact of
the realistic surface roughness on insertion losses at Ka-band. Moreover, it has been
shown that for the present design significant insertion losses are attributed to the
realistic surface roughness. Therefore, using a thin layer of a final surface finishing
with lower roughness allows one to reduce the insertion losses even more.

Figure 14 shows the measured |S12| of the configuration (II) and the configuration
excluding the arrangments of four MLs (I), as indicated in Figure 11 (a). The relative
difference between the measured transmission coefficients does not exceed 0.5 dB,
implying that a single arrangement of four MLs has only an insertion losses of 0.25 dB.
The rest of the losses in the developed prototype are attributed to the SIW with
tapered ML transition, which could be considered as a part of an antenna in the
potential applications.

4.4 Measurement Results of the Combined Power Amplifier

The measurement setup for the assembled active prototype is illustrated in Figure 15.
The biasing voltages are applied from both sides of the chip by 125 µm pitch Eye-Pass
DC probes, each of which has four power tips. This is needed to keep DC routing
lines on the chip symmetric as well as to reduce the effect of their electrical resistance.
RF probes have a standard GSG configuration with a 200 µm pitch. A short-open-
load-thru calibration substrate is used in order to de-embed effects of the probes
from measurement results. Small-signal measurements have been directly performed
using a 67 GHz Keysight PNA-X N5247A VNA, whereas large-signal measurements
require an additional power calibration module and preamplifier driving the PA under
test with high power. Due to the limited operating frequency range of the employed
preamplifier, the large-signal measurements have been performed over the 25−38 GHz
bandwidth. To evaluate the PAE of the designed PA, its power consumption has

Figure 15: The measurement setup. The measurements are carried out using a Cascade Microtech
mechanical probe station with four manipulators.
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Figure 16: Measured small-signal performance of the combined PA. The maximum obtained PA
gain (|S21|) is 13.8 dB at 23.2 GHz.

22 24 26 28 30 32 34 36 38 40
Frequency, [GHz]

20

22

24

26

28

30

32

34

O
ut

pu
t p

ow
er

, [
dB

m
]

4 meas 4 sim
1 meas

Figure 17: Comparison between the measured (solid red line) and simulated (dashed red line)
saturated output power levels of the combined PA. The blue line shows the measured saturated
output power of the PA unit cell.
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Figure 18: The measured (solid red line) and simulated (dashed red line) maximum peak PAE of
the combined PA. The blue line shows the corresponding results of the PA unit cell.

been measured by a DC power supply with a remote interface. To eliminate various
thermal effects in semiconductors, large-signal measurements have been repeated in a
pulsed regime, where average power levels have been measured. However, there were
no considerable differences between the results in continuous and pulsed operation
modes.

The measured small-signal performance of the combined PA over the 20−40 GHz
frequency range is shown in Figure 16. The maximum obtained |S21| is 13.8 dB at
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23.2 GHz. The 3-dB gain bandwidth is 30% and corresponds to 21.7 − 29.5 GHz
frequency range. The |S11| is below −10 dB over the 21.2 − 32.6 GHz range (42%).
The measured |S12| remains below −35 dB. The measured K-factor confirms that the
circuit is unconditionally stable. The measured low-signal curves exhibit the same
behavior as the simulations (shown by the dashed lines). However, the minimum of
|S11|, and hence the maximum peak gain, are shifted towards the lower frequencies.
The latter is a result of the modeling inaccuracies of the input power splitter in the
presence of the realistic solder mask.

The combined PA output power for the default biasing settings is shown in Fig-
ure 17. The blue line shows the measured output power of the PA unit cell as the
reference. The maximum output power is 30.0 dBm at 25.5 GHz. The output power
1-dB bandwidth is 29.9%, ranging from 23.0 GHz to 31.1 GHz. Ideally, the output
power level after combining four PA unit cells should be 6 dB higher than that of
a single PA unit cell. However, the obtained average relative difference is around
4.5 dB, implying that the total power losses in the interconnections and combiner
are 1.5 dB. Taking into account the measured losses of the complete back-to-back
configuration (II), the losses caused by the flip-chip interconnections and the com-
biner itself are 0.8 dB and 0.7 dB, respectively. The measured maximum peak PAE
reaches a value of 26.0% at 28.0 GHz and remains above 19% over the entire 1-dB
power bandwidth (See Figure 18).
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Figure 19: The measured (a) output power and (b) maximum peak PAE versus input power; (c) gain
versus output power of the combined PA at 28 GHz. The set of curves corresponds to different values
of V main.
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Figure 20: Comparison between the measured (a) saturated output power levels and (b) maximum
peak PAE of the combined PA under different values of V main. The corresponding simulation results
are shown by the dashed line.

Figure 19 (a) shows the measured output power of the combined PA versus input
power at 28 GHz. The set of curves corresponds to different collector voltage values,
V main. As one can see, by increasing V main, the combined PA achieves higher output
power, whereas the low-signal gain remains almost the same. The latter means that
the higher input power is required to drive the PA into its compression, and as a result,
the maximum of efficiency is shifted (See Figure 19 (b)). Figure 19 (c) shows the
measured gain of the PA versus output power. The curves corresponding to different
V main exhibit similar behavior with negligible gain variation over the different power
levels before compression, implying a good PA linearity inherent to class AB.

Figure 20 shows the comparison between the measured saturated output power
levels and maximum peak PAE of the combined PA for the default (5.0 V) and the
increased (5.5 V) values of collector voltage, V main. The measured output power in
the case of the increased V main exhibits the same behavior over the frequency as in
the default case (shown by the blue line); however, the average level is 0.8 dB higher,
resulting in 30.8 dBm of peak power. Since the increase of V main also leads to higher
DC power consumption, the obtained PAE does not significantly change. The further
increase of cascode voltage might lead to electro-thermal breakdown of common-base
devices.
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Figure 21: Thermography of the assembled PA board (top view): (a) pulsed mode with 25% duty
cycle; (b) continuous mode.

Figure 21 shows thermal images of the PA prototype in a large-signal operation,
which are taken by an infrared camera. As one can see, for both pulsed and continuous
operation modes the chip surface temperature remains in the safe operating region by
virtue of the carefully designed thermal paths. The further temperature reduction in
the continuous operation mode might require additional active cooling solutions, for
example, air forcing through a fan. The latter could also be included in the thermal
simulation model.

5 Discussion

In Table I, the developed combined PA and the PA unit cell are compared with pub-
lished state-of-the-art SiGe PAs at Ka-band with a saturated output power, P sat, of
23 dBm and larger [25–30]. The main performance metrics are the saturated out-
put power and its 1-dB bandwidth as well as maximum peak PAE and minimum
peak PAE over the entire 1-dB power bandwidth. Due to the relatively low break-
down voltage of silicon devices, the generation of such an amount of power is very
challenging and requires combining signals from multiple smaller PA unit cells. In
contrast to the present work, where the low-loss spatial power combiner is placed on
the laminate, the previous designs employ various on-chip power combining solutions.
Note that the output power reference plane of the presented combined PA is located
on the laminate. As a result, the reported performance values include the effect of
interconnection losses between the chip and the laminate (0.5− 0.8 dB), as opposed
to the previous works where potential interconnection losses are excluded from the
analysis since the results of on-wafer measurements only are reported. Therefore,
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Table 1: Performance comparison with state-of-the-art Ka-band SiGe PAs
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TABLE I
PERFORMANCE COMPARISON WITH STATE-OF-THE-ART KA-BAND SIGE PAS

Psat P1dB PAE PAE@P1dB Gain
Ref. PA-cell

architecture
Combiner

type Output peak,
dBm

1-dB
BW

peak,
dBm

1-dB
BW

peak,
%

over
BW

peak,
%

over
BW

peak,
dB

3-dB
BW

Tech.

Chap
pidi
[25]

double-stacked
with pre-driver

2-way
non-isolated
asymmetrical

50-Ω
SE on
chip

23.7 30.0-50.0 GHz
50.0%

- - 28.0 >21 - - 23.4 36.2-48.7 GHz
29.4%

0.13um SiGe
BiCMOS

Sarkar
[26]

diff. cascode
stage with
pre-driver

2-way on-chip
T-combiner

50-Ω
SE on
chip

23.8 - 23.2 27.0-31.0 GHz
13.8%1 32.7 - 32.7 >29 29.9 27.0-35.0 GHz

25.8%

TowerJazz
0.18um SiGe

BiCMOS

This
work

PA-cell

single diff.
cascode stage NaN

50-Ω
on chip

SE
24.9 23.0-34.0 GHz

38.6%
24.2 22.6-34.2 GHz

40.8%
30.0 >24 29.8 >23 16.1 20.8-33.0 GHz

45.0%

NXP 0.25um
SiGe

BiCMOS

Huang
[27]

diff. cascode
stage

2-way on-chip
current

combiner

50-Ω
SE on
chip

26.0 22.0-30.0 GHz
30.7%

23.2 21.0-28.9 GHz
31.6%

34.0 >26 - - 16.3 21.1-31.5 GHz
39.5%

90nm CMOS

Wang
[3]

diff. Doherty
with pre-driver

4-way on-chip
DAT

50-Ω
diff. on

chip
28.3 23.0-31.0 GHz

29.6%
26.8 - 30.4 >30 30.2 - 20.5 22.0-28.5 GHz

25.7%
0.13um SiGe

BiCMOS

Welp
5.0 V
[28]

diff. cascode
stage with
pre-driver

4-way on-chip
Wilkinson

50-Ω
diff. on

chip
28.7 20.5-27.2 GHz

28.1%
- - 21.9 >15 - - 16.1 -

Infineon
0.35um SiGe

BiCMOS

Datta
[29]

double-stacked
with pre-driver

8-way on-chip
current + slow

wave

50-Ω
SE on
chip

28.9 45.0-47.0 GHz
4.3%

- - 25.0 >23 - - 13.0 45.0-47.0 GHz
4.3%

0.13um SiGe
BiCMOS

Essing
5.5 V
[15]

single cascode
stage with
pre-driver

8-way on-chip
current

combiner

50-Ω
SE on
chip

29.1 25.5-30.0 GHz
16.2%

- - 10.3 >8.5 - - 20.2 26.5-30.3 GHz
13.3%

NXP 0.25um
SiGe

BiCMOS

Nguyen
2.0 V
[30]

diff. cascode
stage with
pre-driver

24-way DAT
combiner

50-Ω
diff. on

chip
29.1 55.0-64.0 GHz

15.1%
- - 18.4 >14 - - 25.0 53.0-65.0 GHz

20.3%
45nm CMOS

Welp
5.8 V
[28]

diff. cascode
stage with
pre-driver

4-way on-chip
lumped

Wilkinson

50-Ω
diff. on

chip
30.8 19.5-27.0 GHz

32.2%
- - 17.6 >13 - - 16.1 -

Infineon
0.35um SiGe

BiCMOS

This
work
5.0 V

single diff.
cascode stage

4-way spatial
power

combiner

50-Ω
SE on

laminate
30.0 23.0-31.1 GHz

29.9%
28.7 22.9-33.0 GHz

36.1%
26.0 >19 24.3 >16 13.8 21.7-29.5 GHz

30.4%

NXP 0.25um
SiGe

BiCMOS

This
work
5.5 V

single diff.
cascode stage

4-way spatial
power

combiner

50-Ω
SE on

laminate
30.8 23.0-31.0 GHz

29.6%
29.7 23.0-33.0 GHz

35.7%
26.7 >20 25.1 >16 13.9 21.6-29.5 GHz

30.9%

NXP 0.25um
SiGe

BiCMOS

1 Estimated from the reported table.

with 26.7% PAE, which exceeds the state of the art to the
best of the authors’ knowledge. The high efficiency (≥ 20%)
and output power (≥29.8 dBm) over a wide frequency range
(30%) are the result of using the proposed architecture with
low-loss (0.6 dB) and wideband (54%) parallel spatial power
combiner. Moreover, the optimal sytem-level performance has
been achieved by taking into account the effects of mutual
coupling between closely spaced PA-cells, distributed DC
feeding lines, and interconnections to laminate in the joint
EM-circuit-thermal optimization. In addition, a multi-physics
approach used in the design flow allows mitigating the thermal
issues caused by a high power density in a relatively small
chip. Despite the relatively high design complexity of the
proposed PA, it is expected to play an important role in
efficient high-power wideband mm-Wave transmitters.
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design flow allows mitigating the thermal issues caused by a high power density in a
relatively small chip. Despite the relatively high design complexity of the proposed
PA, it is expected to play an important role in efficient high-power wideband mm-
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Transition Arrangement between an SIW

Structure and a Transmission Line Arrangement

Artem Roev, Rob Maaskant, and Marianna Ivashina

Abstract

The present invention relates to a transition arrangement (100) compris-
ing at least one transition between a substrate integrated waveguide, SIW,
structure (1) and a transmission line arrangement (4). The transmission
line arrangement comprises an array of two or more interfacing transmis-
sion lines, TLs, (4) the, or each, SIW of the SIW structure (1) is trans-
forming/combining/splitting the transmission-line electromagnetic field
modes, e.g. microstrip co-planar or coaxial modes, into the SIW-based
structure’s electromagnetic field mode or modes, such that for the, or
each, transition between a said single mode or over-moded substrate inte-
grated waveguide, SIW structure (1), the said array of two or more inter-
facing transmission lines, TLs, of the transmission line arrangement (4)
are simultaneously transmitting and/or receiving to act as an SIW-TL
impedance transforming, or matching, structure such that EM fields are
coupled from the SIW (or TLs) structure to the TLs (or SIW) structure,
thereby spatially combining or splitting the electromagnetic power.

1 Technical Field

The present invention relates to a transition arrangement comprising a transition
between an SIW (Substrate Integrated waveguide) structure interface and a trans-
mission line arrangement having the features of the first part of claim 1.

2 Background

The generation and transmission of high power is a major challenge at mm-wave
frequencies, since the atmospheric propagation and material losses are significant
and increase as frequency increases. This is further exacerbated by the fact that
semiconductors reduce in size and deliver less power when moving up into the mm-
wave frequency region. This problem can be overcome by using many low-cost active
devices per unit volume and combine their signals using series and parallel power
combining techniques. However, the latter solutions are potentially lossy since power
is typically combined to a single point before leaving the MMIC. Substrate integrated
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waveguide (SIW) technology offers a low-cost low-profile mm-wave integration solu-
tion, either on-PCB or on-chip while the SIW interface keeps the fields spatially
distributed without having to combine the power to one point.

US 20120242421 A1 [1] shows a transition between an SIW and a microstrip line,
which has a single channel. The microstrip line needs to be tapered for impedance
matching purposes to interface the larger SIW structure. This tapering increases
both the size of the structure and the Ohmic losses, and is expensive too due to the
large chip area that it requires.

3 Summary

It is therefore an object of the present invention to provide a transition arrangement
comprising a transition between an SIW or an SIW antenna interface and an array
of two or more transmission lines, as initially referred to, through which one or more
of the above-mentioned problems are overcome.

It is also a particular object to provide a transition arrangement which is easy
and cheap to fabricate (PCB or MMIC technology).

It is a particular object to provide a transition arrangement which can be used
for very low frequencies up to very high frequencies.

Further yet it is a particular object to provide a transition arrangement which is
compact.

Another particular object is to provide a transition arrangement capable of work-
ing in transmission and/or receiving mode.

Still another particular object is to provide a transition arrangement which can
be integrated on an MMIC, and which particularly provides a contactless contact
connection possibility to off-chip circuitry.

Still further it is a particular object to provide a transition arrangement allowing
creation of large power modes in the SIW structure.

A most particular object is to provide a transition arrangement which can be
used for different circuit arrangements, passive as well as active, one or more MMICs
of arbitrary size, i.e. also large MMICs, and even more generally, circuits of many
different kinds including hybrid circuits, RF circuits, for both millimetre waves and
sub-millimetre waves.

Another object is to provide a transition arrangement allowing high overall radi-
ation efficiency.

A further object is to provide a transition arrangement which has a good impedance
matching capability and low-loss field mode conversion properties over the entire SIW
waveguide bandwidth.

It is also an object to provide a transition arrangement which is reliable and
precise in operation.
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4. Brief Description of the Drawings

One or more of these objects are achieved through a transition arrangement as
initially referred to having the features of the characterizing part of claim 1.

Advantageous embodiments are given by the respective appended dependent
claims. According to the present invention it has been realized that, since the SIW
electromagnetic mode(s) is (are) spatially distributed, this allows the power in this
(these) mode(s) to be created or fed by an array of relatively small transmission lines
that are interconnecting to the SIW structure while exciting these transmission lines
preferably simultaneously. Since the transmission lines in the array can be strongly
coupled, each of them must be matched to its active impedance that it sees. The
idea of spatial power combining (and/or splitting) as such is not new and has been
realized in so-called grid amplifiers (e.g US5736908 [2]). However, such structures are
typically bulky and cannot be directly integrated on-chip.

Through an arrangement as proposed in the present invention, integration on-
chip, e.g. an MMIC (Monolithic Integrated Circuit) is enabled and at the same time
a contactless connection possibility to the off-chip circuitry is enabled (see e.g. WO
2017137224 A1 [3] ). The present invention is an extension of WO 2017137224 A1
in that it offers a novel solution to create larger powers for the mode (or modes) in
the SIW structure. In fact, according to the present invention it has been realized
that a power combining technique through an array of transmission lines can be used
for microstrip-line-based transitions directly interfacing (i.e. without intermediate
tapering) an SIW electromagnetic structure, as opposed to known microstrip-line-
based transitions facing an SIW electromagnetic structure [4, 5].

4 Brief Description of the Drawings

The invention will in the following be further described in a non-limiting manner,
and with reference to the accompanying drawings.

5 Detailed Description

As referred to earlier in this application, it has been realized that, since the SIW
electromagnetic mode is spatially distributed, this allows the power in this (these)
mode(s) to be created or fed by an array of smaller transmission lines that are in-
terconnecting to the SIW structure while exciting these transmission lines preferably
simultaneously, see e.g. the fields in Figure 3 below.

Figure 1 schematically illustrates a transition arrangement 100 according to a first
embodiment of the invention comprising an SIW (Substrate Integrated Waveguide)
structure 1 interfaced to an array of microstrip transmission lines (TLs) 4. The
transition arrangement 100 comprises an SIW 1, which is formed on a dielectric
substrate 3 by metalized vias 2. The dielectric substrate is provided on a ground
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2

1

12

3

4
100

Figure 1: View in perspective an embodiment of the present invention in its most elementary form.

plane 12. The transmission line arrangement 4 comprises an array of N ≥ 1 parallel
transmission lines connected to the top metal plate of the SIW structure 1. The
transmission lines of the transmission line arrangement may have the same widths,
or possibly different widths for (active) impedance-matching purposes. The dots in
the Figure merely indicate that it is an array.

Figure 2 schematically illustrates a transition arrangement 101 according to a sec-
ond embodiment of the invention involving an interface to a multimode SIW structure
1A, in this case an integrated horn antenna that is interfaced to, in this specific case,
a transmission line arrangement 4A comprising an array of microstrip TLs. Opti-
mally exciting the array of TLs 4A provides, besides increasing the input and thus the
radiated power, also the possibility to control the amplitude excitation of the modal
content in the over-moded SIW antenna structure 1A, thereby realizing an optimal
aperture field distribution at the SIW antenna opening. The structure can also be
used in the receiving situation. Similar elements bear the same reference numerals
as in Figure 1 but they are indexed 'A', and they are therefore not further described
here.

Figure 3 illustrates an embodiment comprising a transition arrangement 102, as
a specific example, the field propagation inside the SIW structure 1B (magnitude of
E-field) and the coupled fields to the transmission lines of here a transmission line
arrangement 4B comprising four microstrip TLs when the SIW port is excited by
the fundamental TE10 mode (i.e. receive mode). Similarly, in the transmit mode,
the active reflection coefficients of the microstrip TLs 4B should be considered due
to the strong direct electromagnetic coupling between them, and because of indirect
coupling via the power-combining SIW structure 1B. Accounting for the coupling
is very important for impedance-matching purposes of e.g. power amplifiers 7 that
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5. Detailed Description

4A

2A

1A

101
12A

3A

Figure 2: View in perspective of a transition arrangement comprising an antenna (or multimode
SIW) according to another embodiment of the present invention.

must be matched to the active impedance it sees when all other transmission lines
are also excited by power amplifiers.

The transition arrangement structure 102 of Figure 3 can also work as a receiving
structure, thus as both a spatial power combiner and/or splitter (reciprocal network).
Since the transmission lines 4B in the array can be strongly coupled, each of them
must be matched to its active impedance that it sees.

The specific quad-channel transition e.g. based on the proposed transition ar-
rangement 102 is four times more compact and allows to generate four times higher
mm-wave output power compared relative to a conventional tapered microstrip-to-
SIW transition. Similar elements bear the same reference numerals as in Figure 1
but they are indexed 'B', and they are therefore not further described here.

Figure 4 shows a specific implementation of the present invention comprising
a transition arrangement 103 where an array of four amplifiers (situated inside an
MMIC 9) is interfaced with a single SIW 1C through four spatially distributed mi-
crostrip lines of a transmission line arrangement 4C. Similar elements already dis-
cussed with reference to earlier Figures. bear the same reference numerals but they
are indexed 'C', and they are therefore not further discussed here.

The inventive concept is applicable for in principle any circuit of an arbitrary
size, active or passive, and it is not limited to any specific frequencies. The outline of
the SIW vias further can have different shapes to e.g. form differently shaped horn
antennas. Also, the invention is not limited to any specific circuit arrangements, but
it is applicable to any circuit arrangement, e.g. RF circuits, MMICs, hybrid circuits,
and is also intended to cover other (active or passive) circuits. It is also not limited to
any particular number or type of SIW waveguides or antennas, nor to any particular
ports, or to the arrangement and positions of ports, there may be two, three or more
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PA1

PA2

PA3

PA4

OUT

2B

1B

4B

12B
3B

7

102

Figure 3: Illustration of the E-field amplitude distribution in a specific quad-channel structure based
on the present invention.

103
3C

12C

10
9

2C
1C

4C

4C

Figure 4: View in perspective of a transition arrangement according to the present invention involv-
ing active circuitry.

ports serving as input and/or output ports. Further, the invention covers different
types of planar transitions, e.g. also comprising coplanar transmission lines, besides
coaxial or microstrip lines.

It is among other things an advantage of the present invention that it provides a
compact solution, thus potentially inexpensive, and less lossy due to shorter trans-
mission lines with the additional feature that large (mm-wave) powers can be gener-
ated/handled. Typically, the SIW interfacing transmission lines are excited in-phase
and equal amplitude, but if the SIW structure comprises an SIW antenna (e.g. 1A
in Figure 2), the number of SIW modes is increased and the array of interfacing
transmission lines can be excited differently to allow for the optimal SIW mode
distribution inside the SIW antenna. This allows besides power generation to also
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control the modal content in the SIW structure.

Furthermore, its relatively short length allows to decrease transition losses and
renders the structure inexpensive and suitable for much higher frequencies. The con-
cept is expected to play a determining role in future mm-wave communication systems
where both high-power generation and low-loss low-cost structures are required. It
should be clear that the invention is not limited to the specifically illustrated embod-
iments but that it can varied in a number of ways within the scope of the appended
claims.

6 Claims

1. A transition arrangement (100; 101; 102; 103) comprising at least one transi-
tion between a substrate integrated waveguide, SIW, structure (1; 1A; 1B; 1C) and a
transmission line arrangement (4; 4A; 4B; 4C), characterized in that the transmission
line arrangement comprises an array of two or more interfacing transmission lines,
TLs, (4; 4A; 4B; 4C) the, or each, SIW of the SIW structure (1; 1A; 1B; 1C) is trans-
forming/combining/splitting the transmission-line electromagnetic field modes, e.g.
microstrip, co-planar or coaxial modes, into the SIW-based structure’s electromag-
netic field mode or modes, such that for the, or each, transition between a said single
mode or over-moded substrate integrated waveguide, SIW structure (1; 1A; 1B; 1C),
the said array of two or more interfacing transmission lines, TLs, of the transmission
line arrangement (4; 4A; 4B; 4C) are simultaneously transmitting and/or receiving
to act as an SIW-TL impedance transforming, or matching, structure such that EM
fields are coupled from the SIW (or TLs) structure to the TLs (or SIW) structure,
thereby spatially combining or splitting the electromagnetic power.

2. A transition arrangement (101; 101; 102; 103) according to claim 1, character-
ized in that the transmission lines of the transmission line arrangement are uncoupled.

3. A transition arrangement (101; 101; 102; 103) according to claim 1, character-
ized in that the transmission lines of the transmission line arrangement are coupled.

4. A transition arrangement (101; 101; 102; 103) according to any one of the
preceding claims, characterized in that the transmission lines of the transmission line
arrangement are equal.

5. A transition arrangement (100; 101; 102; 103) according to any one of claims
1–3, characterized in that the transmission lines of the transmission line arrangement
are unequal.

6. A transition arrangement (101) according to any one of the preceding claims,
characterized in that the SIW structure (1A) comprises an SIW antenna, e.g. a
horn antenna, the outline of which, i.e. waveguide side walls, may have an arbitrary
tapering profile.

7. A transition arrangement (102) according to any one of the preceding claims,
characterized in that it at least comprises a transmitting arrangement.
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8. A transition arrangement (100; 101) according to any one of the preceding
claims, characterized in that it comprises a passive arrangement. 9. A transition
arrangement (102; 103) according to any one of the preceding claims, characterized
in that it comprises an active arrangement.

10. A transition arrangement (102) according to claim 9, characterized in that it
comprises, or is associated with, a circuit arrangement (9) comprising one or more
circuits (7), e.g. power amplifiers (PA1-PA4).

11. A transition arrangement (103) according to claim 9 or 10, characterized in
that comprises or is associated with a circuit arrangement comprising an MMIC, an
RF circuit or a hybrid circuit.
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