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Millimeter-Wave Reconfigurable Intelligent Surface
With Independent and Continuous Amplitude-Phase
Control: Unit Cell Design and Circuit Model

Yuqing Zhu, Graduate Student Member, IEEE, Artem Vilenskiy, Senior Member, IEEE, Oleg lupikov, Member,
IEEE, Pavlo Krasov, Member, IEEE, Thomas Emanuelsson, Gregor Lasser, Senior Member, IEEE, and Marianna
Ivashina, Senior Member, IEEE

Abstract—This paper presents a reconfigurable intelligent
surface (RIS) unit cell (UC) with independent amplitude-phase
control, crucial for complex field shaping in RIS-assisted over-
the-air testing. Unlike conventional phase-only tuning UCs, the
proposed design enables continuous control from reflective to
absorptive states for advanced field synthesis. To quantify re-
configurability, we introduce a generalized complex-plane rep-
resentation, termed I'-coverage, mapping both amplitude and
phase over all bias states. For the first time at millimeter-
wave frequencies, a loop-embedded end-folded UC integrating a
forward-biased p-i-n diode and a reverse-biased varactor diode
is developed to maximize I'-coverage. The UC achieves a (-
0.5 amplitude tuning range (equivalent to a controllable loss
from complete attenuation to 6 dB) and a —180°-+180° phase
tuning range at 28 GHz. The maximum incident angle reaches
45° within +48° phase fluctuations, extending to 60° with full-
phase tuning under a 12 dB loss criterion. We derive empirical
circuit models for both diodes to account for high-frequency
parasitic effects and formulate a semi-analytical UC equivalent
circuit model. The UC prototype is evaluated using a waveguide
simulator. The operational bandwidths for reconfigurability are
25.8-28.0 GHz with a relative I'-coverage area exceeding 25%,
and 26.5-27.7 GHz for 360° phase control with 8.4-12 dB
losses. The instantaneous bandwidth for stable operation spans
27.3-27.7 GHz, maintaining +50° phase fluctuations within 5.6
13.4 dB losses. The UC is analyzed in an RIS-assisted near-field
plane-wave generation scenario for a compact antenna test range
(CATR), achieving high field uniformity (< 0.6 dB and < 2.5°
errors). Despite intrinsic UC losses, the RIS-based CATR reduces
total system loss by 22.8 dB compared to a far-field test range.

Index Terms—Equivalent circuit model, millimeter-wave, near
field, over-the-air testing, reconfigurable intelligent surface.
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ECONFIGURABLE intelligent surfaces (RISs) have

emerged as a transformative technology for future wire-
less communications by dynamically manipulating channel
environments [1]. However, traditional RIS architectures (e.g.,
1-bit or 2-bit phase-only control) are not optimal in near-
field scenarios [2], where phase-only control cannot accurately
shape the field distribution [3]. In applications such as RIS-
assisted over-the-air (OTA) testing chambers, both the receiver
and transmitter should preferably be located within the RIS
near field. This configuration significantly reduces chamber
size and enhances measurement dynamic range. Examples
include a plane-wave (PW) generator that forms a confined test
zone [4] and a wireless cable [5]. To meet accuracy demands
of such configurations, RISs must support advanced field
synthesis algorithms that utilize simultaneous amplitude-phase
control across the reflection-absorption spectrum. This requires
optimal RIS unit cell (UC) design with high-resolution biasing
while accounting for amplitude-phase interdependence.

Despite extensive research on RISs with phase control [6],
full amplitude-phase reconfigurability remains largely unex-
plored due to the substantially increased complexity [7]. UC
designs for controlling both amplitude and phase are more
commonly found in passive metasurfaces, which exploit diver-
sity in UC size and type [8], angular orientation [9], or passive
loading [10]. Nevertheless, these solutions are restricted to
static applications [11], [12].

Recently, reflective RISs and reconfigurable metasurfaces
with real-time, simultaneous amplitude-phase tuning have
gained increasing attention. Several reconfigurable mecha-
nisms have been investigated, including discrete diode films
[13]-[20], graphene [21], [22], vanadium dioxide [23], and
integrated circuits [24]. Among these, diode-integrated UCs
are widely adopted due to their relatively low complexity
and cost. For example, p-i-n diodes can be switched between
ON and OFF states for 1-bit phase quantization [13] or
biased in transition states for amplitude control [14], [15].
In these designs, amplitude and phase cannot be indepen-
dently controlled, leading to a limited number of discrete UC
states [16], [17]. Continuous amplitude-phase control can be
achieved using two varactor diodes for arbitrary state combi-
nations [18] or two separate coupled resonators [19]. However,
both approaches suffer from a narrow amplitude-phase tuning
range, thereby degrading control accuracy. While cascading
programmable reflection-type attenuators and phase shifters
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[20] enables full-phase coverage, the multi-layer topology with
six diodes per UC presents a major limitation.

Furthermore, most reported amplitude-phase controllable
UC:s are limited to frequencies below 10 GHz, with their direct
scalability to higher frequencies hindered by parasitic effects
in existing tunable components [25], [26]. For instance, at /-
band, off-the-shelf GaAs varactor diodes exhibit a narrow total
capacitance tuning ratio (typically less than 1.8) [25], which
poses difficulties in achieving a full phase range from —180°
to +180°. These challenges, along with the complexity of bias
circuitry, have made multi-bit, phase-only tuning UCs rarely
reported at millimeter-wave (mm-wave) frequencies, let alone
UCs with both amplitude and phase control [27]-[29].

The scarcity of mm-wave designs also implies that exist-
ing modeling approaches remain largely unvalidated. While
numerical electromagnetic (EM) simulation is the primary
design tool, simpler physics-based models, like equivalent
circuit models (ECMs), aid in understanding operating prin-
ciples. However, current ECMs have reduced accuracy in
predicting dependencies on frequency, incident angle, and
configuration state [30]—[32]. Accuracy can be improved with
explicit knowledge of the UC current distribution [33], which
is typically available only for simple, regular geometries (e.g.,
dipoles and rectangular patches) [33]-[35]. Another challenge
is the limited availability of circuit models for tunable elec-
tronics at mm-wave frequencies.

This paper presents the following contributions: (i) a gener-
alized representation of UC reflection properties, termed I'-
coverage, which maps both amplitude and phase of I' on
the complex plane across a continuous range of bias states,
along with performance metrics (Ao and T'yax) to quantify
reconfigurability. This framework simplifies the analysis of in-
dependent amplitude-phase tuning and the selection of optimal
bias states; (i) the mm-wave UC design enabling indepen-
dent and precise amplitude-phase control, suitable for RIS-
assisted OTA testing as a near-field PW generator. The design
incorporates critical diode parasitics and PCB-related losses
through EM-circuit co-simulation that integrate numerical EM
data with empirical data of diodes over all bias states; (iii) a
semi-analytical UC ECM that combines Floquet modal expan-
sion with lumped component modeling, enhancing accuracy
across varying incident angles and validated for diode-loaded
complex-shaped UC geometries.

The paper is organized as follows: Section II introduces the
RIS UC and characterizes its tunable components. Section III
describes the modeling approach and performance metrics.
The ECM is established and validated in Section IV. Section V
presents the experimental results, followed by a comparison
with previous designs and a discussion of the targeted appli-
cation in Section VI. Finally, Section VII concludes the paper.

II. AMPLITUDE-PHASE CONTROLLABLE RIS UNIT CELL
A. RIS UC Configuration

The proposed UC, shown in Fig. 1, features a square lattice
of 0.42)\, where )\ is the free-space wavelength at 28 GHz. It
consists of two stacked dielectric substrates (Sub.1 and Sub.2)
and four copper foil layers, bonded by a prepreg sheet. The
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Fig. 1. Configuration of the mm-wave RIS UC featuring two vertical loops
embedded within a segmented end-folded patch. A p-i-n diode and a varactor
diode are integrated on top, with DC bias lines applied at the bottom. (a)
Exploded view. (b) Top view of the end-folded patch (on the upper metal
layer). (c) Side view. Dimensions (in mm): p = 4.5, [, = 2.5, wp = 1.9,
lg = 0.6, wg = 0.5, [y = 0.56, s; = 0.33, s, = 0.21, and d = 0.15.

UC adopts a single-layer, diode-integrated scattering topology
distributed on the grounded Sub.1, equipped with bias circuitry
on Sub.2. Sub.1 and Sub.2 are 0.813-mm and 0.203-mm thick
RO4003C laminates (g, = 3.55, tan § = 0.0027), respectively,
while the prepreg is RO4450F (¢, = 3.52, tan § = 0.004) with
a thickness of 0.102 mm.

A segmented end-folded metal patch, printed on the top sur-
face, provides reactive loading at the air-dielectric interface. A
p-i-n diode and a varactor diode bridge the gaps between patch
segments. The p-i-n diode functions as a current-controlled
variable RC circuit in forward-biased states, while the varactor
diode acts as a voltage-controlled variable capacitor in reverse-
biased states. This combination allows independent amplitude-
phase control across a broad tuning range, with both amplitude
and phase responses determined by both diodes’ bias states, as
demonstrated in Section III. The two folded patch segments
are symmetrical, with the shorter middle segment offset to
accommodate the diodes. A ground plane on the bottom of
Sub.1 isolates the patch from the bias circuitry on Sub.2.

Three plated through vias are embedded in the substrates to
electrically connect the three segments. The addition of these
vias transforms the planar patch topology into two vertical
coupled loops while facilitating DC biasing of the diodes. The
two bias vias are centrally positioned at the folded segments
and connected to the radial stubs to function as RF chokes.
The middle ground via is slightly off-center to symmetrize
the current distribution, compensating for variations in diode
parasitics. Both diodes are oriented with their cathodes facing
the +x-direction, requiring two positive voltages to be applied
to the bottom DC bias lines for independent diode control.
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Fig. 2. Proposed circuit models of diodes. R; and Cj are variable parameters
representing the junction effects, while all others are fixed parameters. Anodes
are on the left. (a) p-i-n diode. (b) Varactor diode.
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Fig. 3. Setup for diode characterization. Four identical diode samples are
mounted on respective PCBs for repeated measurements. 2.92-mm clamp-on
end-launch connectors are attached to both sides of each GCPW. The distance
between the two measurement reference planes is dref = 0.53 mm. (a) TRL
GCPW calibration kit. (b) p-i-n diodes. (c) Varactor diodes.

B. Characterization of p-i-n and Varactor Diodes

Diode modeling should account for parasitic effects at mm-
wave frequencies and junction behaviors across continuous
bias variations, especially for the p-i-n diode operating in OFF
(zero voltage), ON (fully open junction), and transition states
[36], rather than simple ON/OFF states for RF switching.

The proposed diode circuit models (DCMs) are depicted in
Fig. 2. For the p-i-n diode, the junction effect is represented by
a variable resistance ?; and a variable diffusion capacitance C;
in parallel, both controlled by the forward bias current ;. This
is an improved DCM that includes the carrier diffusion effect
critical at mm-wave frequencies, as discussed in the authors’
previous work [26]. For the varactor diode, the junction effect
is represented by a variable capacitance Cj, controlled by the
reverse bias voltage U;. Note that the DCMs are de-embedded
to the diodes’ pads and thus include intrinsic diode parasitics,
as well as pad- and substrate-related effects. This way, the
models account for the intrinsic series inductance Ly and the
contact resistance Ry; the parallel capacitance C;, represents
the cumulative effect of the diode packaging and edge pad
capacitance. Two ideal transmission lines, with characteristic
impedance Zj and electrical length 6;, are added to the anode
and cathode sides to reflect the time delay introduced by the
physical length of the diodes and pads, which results in a non-
negligible electrical length at mm-wave frequencies. Due to the
asymmetry of the junction location, 6;; and 6;, are different.

Experimental characterization of diodes has been performed
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Fig. 4. Derived diode junction parameters as functions of DC biases, obtained
by simulating the DCMs in ADS to fit the measured S-matrix of each diode.
Results from three samples (#1—#3) are presented, with relative deviation from
the average evaluated as drel. (a) R;j and Cj of p-i-n diodes versus It. (b) C;
of varactor diodes versus Ur. (c) & of Rj and Cj. (d) dre1 of Cj.

to verify the above DCMs, as shown in Fig. 3. In this study,
we use the AlGaAs MADP-000907-14020W p-i-n diode and
the GaAs MAVR-000120-14110G hyperabrupt varactor diode
from MACOM. Both devices are flip-chip dies with a footprint
of about 0.8 x 0.4 mm?. The diodes are characterized in a
2-port configuration, inserted in series into 75 {2 grounded
coplanar waveguides (GCPWs) on a RO4003C substrate. This
impedance interface is chosen to match the GCPW signal
line width with the diode width, thus minimizing parasitics
caused by the line width step between the pads and GCPW.
For each diode type, identical samples are used for repeated
measurements to reduce uncertainty, with three well-welded,
fully functional samples tested. An ad hoc through-reflect-
line (TRL) calibration kit [Fig. 3(a)] is employed to shift the
measurement reference planes to the diode pad edges (in each
case, located d,.¢/2 from the diode geometric center). Stepped
DC forward and reverse biases (Iy or U;) are applied through
a bias tee of the VNA to measure S-parameters for all bias
states from 20 GHz to 32 GHz.

The DCM parameters for both diodes are extracted by
fitting the measured results. Fig. 4 shows the derived junction
parameter curves. Other fixed parameters are listed in Table 1.
These empirical values are applicable to different frequencies,
bias states, and diode samples. The procedure is as follows:
First, circuit simulations of the established DCMs are per-
formed in Keysight ADS, with the optimization objective as
the measured entire S-matrix over 20-32 GHz, encompassing
all bias states of each diode. Second, the S-matrix at individual
bias states is utilized for parameter tuning, generating a set of
fitting values for each fixed circuit parameter. Third, the fixed
parameter values are selected as the average of these fitting
values, as they remain constant across bias states. Fourth,
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TABLE 1
EXTRACTED FIXED EQUIVALENT PARAMETERS OF DIODES
Diodes | Zo () | 01 (°) | 012 (°) | Ls (H) | Bs () | Cp (pF)
p-i-n 75 1074 | 1491 0.12 0.8 0.030
Varactor | 75 1218 | 1670 | 0.08 1.8 0.038
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Fig. 5. S-parameters of p-i-n and varactor diodes on the Smith chart over 20—
32 GHz from measurements, DCMs, and EMMs. Measurements are conducted
with the GCPW-based setup, while DCMs and EMMs are simulated in ADS
and HFSS, respectively. Several bias states are shown as examples. (a) S1; and
(b) Sy of p-i-n diodes. (c) S and (d) Sy of varactor diodes. Iy; = 0.02 mA,
Iy = 0.12 mA, I3 = 2.31 mA, Uin = 0 V, and Upmax = 18 V.

this process is repeated for three samples, and the average
results are reported in Table 1. Finally, after determining the
fixed parameters, the optimization is re-performed to obtain the
junction parameters versus I; or U, for each sample, as plotted
in Fig. 4(a) and Fig. 4(b). Here, the relative deviation ¢ is
introduced to assess consistency. It is calculated as the absolute
difference in R; or Cj between each sample and the average,
normalized by the average to allow comparison across datasets
with different scales or units. The results show that d, is
below 56% for p-i-n diodes and 14% for varactor diodes. The
noticeable fluctuations at large It for p-i-n diodes are mainly
due to temperature changes as the diodes heat up. For varactor
and low-I; p-i-n diodes, this effect is minor.

For exemplification, Fig. 5 presents circuit-level simulated
and measured S-parameters at several bias states. Additionally,
results from Ansys HFSS simulations of the 3D EM structures
in Fig. 3, comprising the EM models (EMMs) of both diodes,
are provided. Each EMM captures essential geometric details
to model intrinsic diode parasitics; it also includes the diode
pads. Junction effects are represented by the lumped RLC
boundary with variable R; or Cj, introduced differentially
inside a gap on the diode signal line [Fig. 1(b)]. Such
EMMs facilitate UC full-wave simulation by accounting for
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Fig. 6. Simulated Cartesian plots of I'™* versus frequency under normal PW
incidence for all bias states (41 X 37 combinations of Iy and U;), with five
representative states (S1-S5) highlighted. I'>* is obtained from EM-circuit
co-simulation in HFSS and ADS. (a) Amplitude. (b) Phase. Ifnin = 5 pA,
Itmax = 10 mA, Iy = 033 mA, Uy = 13.5 V, and Uy, = 11.5 V.

coupling effects between the diode geometry and its external
environment. The good agreement between simulations and
measurements confirms the accuracy of these models.

III. MODELING AND ANALYSIS APPROACH
A. EM-Circuit Co-Simulation

Full-wave EM simulation is performed in Ansys HFSS with
sidewall periodic boundaries and a Floquet port above the UC
aperture. To reduce computational effort, a differential lumped
port replaces the lumped RLC boundary in the EMM for
circuit-level diode state switching. The latter is implemented
in the Keysight ADS schematic environment by terminating
the differential diode ports with varying junction impedance.

B. T'-Coverage and Performance Metrics

A UC can be characterized by its reflection tensor I' (an
extension of the complex reflection coefficient I'), which is a
second-order affine tensor in 2D space. For a single linearly-
polarized UC, it is convenient to express I in a basis aligned
with the UC’s characteristic axes, making the tensor structure
weakly dependent on the incident angle (6, ). Consider the
z-polarized case (as in the presented UC), we define I as

Tz Tzy
I'= 1
v TYY

where I'* is the ratio of the y-component complex amplitude
of the scattered wave to the z-component complex amplitude
of the incident wave, and likewise for the others. For the x-
polarized UC, I'** is the controllable tensor element of inter-
est, while |[T'*Y| and |T'¥**| (which are responsible for cross-
polarized reflections) are close to 0, and |T'¥¥| (indicating
structural reflections related to the grounded dielectric slab)
is close to 1. We note that in the Floquet EM analysis, the
tensor elements are found in the “natural” TE-TM modal basis
[37], which are then transformed into the x-y basis through

the basis rotation matrix M (derived in Section IV).
In this manner, I' can be determined for each combination
of I+ and U, as shown in the Cartesian plots of I'*** in
Fig. 6. The total number of bias states is the product of
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Fig. 7. Simulated I'-coverage plots under normal PW incidence at 28 GHz,
displaying I'*»* for all bias states on the complex plane. I'*»* is obtained
from EM-circuit co-simulation in HFSS and ADS. The complex-plane repre-
sentation can be transformed from the Cartesian plots in Fig. 6. The values of
Acov and I'max are calculated from I'-coverage. S1-S5 are marked. The dot
locations in (a) and (b) are identical, with color indicating (a) If and (b) U.

the sample counts for I+ and U;, where I is set to increase
from 5 pA to 10 mA in 41 logarithmically spaced samples,
and U; increases from 0 V to 18 V in 37 linearly spaced
samples. However, since the Cartesian plots depict amplitude
and phase separately, they fail to intuitively convey their
interaction, obscuring the independence of amplitude-phase
control. Moreover, the extensive range of bias states limits
the Cartesian representation to qualitative observation.

To this end, we introduce a generalized representation,
referred to as I'-coverage, to visualize UC reflection proper-
ties by combining amplitude and phase information on the
complex plane across all bias state combinations. For the
I'** component of interest, its coverage plot under normal
PW incidence at 28 GHz is shown in Fig. 7. To simplify
notation, we hereafter use I'-coverage to denote ['***-coverage.
It describes a complex-plane region comprising all I'** values,
which can be transformed from the conventional Cartesian plot
in Fig. 6 by specifying the target frequency. In contrast, this
complex-plane representation explicitly links the simultaneous
amplitude-phase response to each operating state (e.g., the
highlighted states S1-S5) while also providing insights into
the functionality of the p-i-n and varactor diodes. As shown,
increasing It and U, causes I'*>* dots to move along curvilinear
trajectories, instead of following a straight line through the
origin or a perfect circular arc. While It predominantly affects
the amplitude response and U, predominantly affects the phase
response, both Iy and U, essentially exert concurrent influ-
ences on both amplitude and phase. Therefore, independent
amplitude-phase control of the UC is achieved by selecting
specific bias state combinations from I'-coverage, rather than
solely relying on independent diode biasing control.

Additionally, the proposed I'-coverage provides a universal
framework for evaluating reconfigurability. Two key perfor-
mance metrics are defined to characterize the amplitude-phase
controllable UC from distinct perspectives.

1) The relative area of ['-coverage (denoted as A.yy). It
refers to the ratio of the complex-plane I'-coverage area (i.e.,
the colored region in Fig. 7) to the unit circle area (i.e., m).
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Fig. 8. Simulated Acoy and I'max versus frequency at incident angles
(0, ¢). Parameter values are calculated from each I"-coverage plot at different
frequencies and incident angles. The requirements (req.) are defined as either
Acnv Z 25% or Fmax Z 0.25. (Zl) Acov- (b) Fma\x-

It stands for the controllable proportion, measuring the UC’s
overall capability for amplitude and phase control.

2) The maximum amplitude of I'** for —180°—+180°
phase control (denoted as I'j,x). It refers to the radius of the
maximum circle fully contained inside I'-coverage (see the
dotted circle in Fig. 7). Within this circular region, the UC
enables full 360° phase control with an amplitude dynamic
range from O to I'y,,. This region can also be expressed by
its relative area, i.e., 72, /71> =T2_.

Typically, I'-coverage is irregular or non-circular, and thus
Acov > T2, .. However, A, alone does not uniquely deter-
mine the distribution; a large A, may still correspond to a
small I'},,x. Therefore, I'y.x is regarded as the primary metric
of reconfigurability, while A,y serves as a supportive metric
that complements it by capturing the total spanned area.

The developed UC is intended for OTA testing applications
[4], [5], where large I"-coverage is desired. As shown in Fig. 7,
T'nax attains 0.5 (i.e., a minimum UC loss of 6 dB) at 28 GHz,
with an A.y of 39.2%. Simulations also reveal that |T¥%| is
below —59 dB, |I'¥¥| is above —0.4 dB, and the coupling of
the x-polarized incident wave to the DC bias lines is below
—30 dB across the 24-31 GHz band and all bias states. Thus,
these weak contributions are omitted from the analysis.

C. Operational and Instantaneous Bandwidths

The operational bandwidth is defined as the frequency
interval where Aoy > 25% or T' . > 0.25. This is achieved
by flexibly tuning the bias states at each frequency, indicating
the UC’s reconfigurability within a certain frequency range.
Fig. 8 presents the frequency responses of Ag,, and .
Under normal incidence, the simulated bandwidths are 25.6—
29.0 GHz for Acov > 25%, and 25.7-28.6 GHz for T'y.x >
0.25. The UC is capable of operating up to § = 60°, with both
criteria satisfied around 28 GHz.

The instantaneous bandwidth is defined as the frequency
interval where phase fluctuations remain within +50° while
the bias states are fixed. It quantifies the frequency stability of
reflection properties under constant bias, potentially indicating
the signal bandwidth the UC can manipulate. Fig. 9 shows the
amplitude and phase of I'>* for thirteen states selected from
Fig. 7. The black line at 28 GHz represents an ideal full-phase
tuning range with 30° steps. Accordingly, the instantaneous
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Fig. 9. Simulated amplitude and phase of I'*** versus bias states at several
frequencies. Thirteen state samples (the black dots on the inset) uniformly
distributed on the I'max = 0.5 circle at 28 GHz are selected. The respective
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(0.09, 0.8), (0.26, 5.5), and (0.56, 8.0), all in (mA, V).
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Fig. 10. Simulated amplitude and phase of I'*** versus bias states at incident
angles (6, ¢). The thirteen state samples remain the same as those in Fig. 9.
(a) ¢ = 0° and (b) ¢ = 90° at 27.7 GHz. (c) ¢ = 0° and (d) ¢ = 90° at
28 GHz. (e) ¢ = 0° and (f) ¢ = 90° at 28.3 GHz.

bandwidth spans 27.7-28.3 GHz (the yellow shaded area).
The oblique incidence case, analyzed in Fig. 10, demonstrates
stability up to # = 45°, with phase fluctuations within +48°
at 28 GHz and +52° across the instantaneous bandwidth.

D. Interpretation of T'-coverage in the Design Process

To illustrate the UC operating mechanism, Fig. 11 shows
surface current distributions for the bias states leading to
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Fig. 11. Simulated current distributions at 28 GHz for different bias states: (a)
S4 with almost-full absorption; (b) S5 with almost-full reflection. Js denotes
surface current density. The phase delay is set to 330° in simulation for
clearer observation and fair comparison. The current on the patch is shown
on its lower surface. The ground plane and substrates are hidden for clarity.

almost-full absorption (S4) and reflection (S5), as seen from
the I'-coverage in Fig. 7. The via-loaded patch forms two ad-
jacent loops that support vertical currents. Due to the extended
folded segments, currents are further distributed along the
patch edges. Thus, mutual coupling occurs between the loops
and between the folded ends. For S4, incomplete conduction
in the p-i-n diode weakens current intensity on the first loop.
For S5, currents concentrate at the diode junctions due to
their narrower width. The current flow remains consistent
across states, though the current direction of the ground via
may change as a result of the superposition of surface and
displacement currents from the two loops.

Fig. 12 presents a parametric study of the UC along-
side its key geometric evolution. Each UC’s I'-coverage is
evaluated at its optimal operating frequency—defined by the
peak I'j.x—to highlight performance potential. Corresponding
Acoy and T curves are also shown to illustrate frequency-
dependent behavior. The starting point, UC 1, features a planar
dipole topology with p-i-n and varactor diodes, optimized
for amplitude-phase control at 28 GHz based on a half-
wavelength resonance. However, the realized control range is
limited, and the UC 1 dimensions are already comparable
to the diode sizes, restricting design flexibility. To address
this, UC 2 extends the lateral segment lengths on both sides,
increasing the patch’s capacitance and expanding I'-coverage.
This modification, however, inevitably lowers the optimal
operating frequency of the fundamental mode to 21.7 GHz.
Building upon this, UC 3 incorporates three vias to form two
coupled loops. The vertical currents in these loops significantly
modify the original patch mode, restoring the frequency to
the desired value by virtue of the vias’ shunt inductance
effect [38], while simultaneously enabling independent diode
biasing. Although A, improves, the I';,,x circle noticeably
shrinks due to the downward-shifted I'-coverage and reduced
phase tuning range, resulting from the altered UC impedance.
To mitigate this, UC 4 introduces folded ends to enhance inter-
segment coupling capacitance, thereby maximizing I'-coverage
while minimizing the frequency shift. The electrically compact
nature of the metal pattern is preserved, retaining the same
longitudinal length as UC 1. The complex current magnitudes
at the almost-full absorption state confirm the observed via
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Fig. 12. Parametric study of the UC, including the dipole-type UC 1, the UC 2
with extended segments, the unfolded UC 3 with vias and bias circuitry, and
the proposed UC 4. All other structures and parameters remain consistent.
(a)—(d) Simulated I'-coverage plots of the four UCs, visualizing the complex
current magnitudes at the almost-full absorption and reflection states, using
the same scale as in Fig. 11. The results are shown at their respective optimal
operating frequencies where I'max i maximized, i.e., 28 GHz, 21.7 GHz,
28.4 GHz, and 27.7 GHz. (e), (f) Simulated Aoy and I'max versus frequency.

and diode effects in Fig. 11. At the almost-full reflection state,
current distributions across UCs are similar, with the dominant
contribution originating from the ground plane.

IV. EQUIVALENT CIRCUIT MODEL
A. Semi-Analytical ECM of the UC

The ECM development begins with Floquet mode analysis
in an infinite array, involving the modal source decomposition
of TE,,, and TM,,, types (w.r.t. the z-axis). Analogous to
driven-mode phased arrays, the input admittance for a given
Floquet excitation mode (m = my and n = np) in a general
scattering RIS can be derived as shown in [33], [34]

= Yo MOy @)
where the first term represents the equivalent surface admit-
tance at the air-dielectric interface (z = 0) for this excitation
mode. It is expressed as the admittance Y,,TLEL/‘TM,, contributed
by all other Floquet modes (m # mg or n # ng) and
tunable components (i.e., diodes in this context), scaled by
a transformation factor TTT,L]%lTM for the mode of interest. The
second term, YSEbE Efﬁ, represents the input admittance of the
grounded dielectric slab, in parallel with the former. Typically,
myg and ng are set to 0 for the dominant Floquet modes.

Inspired by this formulation, the proposed ECM is shown
in Fig. 13, where the TEy or TMy, mode is considered for
the UC. The input admittance in (2) is mapped to this ECM.
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Fig. 13. Schematic of the UC ECM, formulated using a semi-analytical ap-
proach combining Floquet modal expansion and lumped component modeling,
with DCMs as building blocks. The final parameter values, optimized in ADS,
are N =2.71, L; = 0.45 nH, L, = 0.30 nH, L3 = 0.38 nH, Ly = 0.43 nH,
R =1.14 Q, C; = 0.052 pF, and C, = 0.057 pF.

Specifically, at z = 0, Y;E‘TM/ refers to the admittance seen
upward from line AB, while nTﬁllTM is physically interpreted

as a transformer with turns ratio N [33], [34]; that is,

TE|TM
N =T ™. 3)
In addition, the ECM contains an input port for an incident
PW in the z > 0 region with wave admittance Y;TTEEM In the
z < 0 region, the grounded dielectric slab is regarded as a
short-circuited transmission line with electrical length h and

input admittance YszbE ':fﬁ These quantities are given by [37]
Yot = Y @)
Viabmn = ~3 i ™ cot (Kzyh) )
The modal admittances are [37]
kK, k,
YTE+ — zmn, YTEf _ zmn 6
mn Wity mn Wio ( )
wWEen _ WENEr
where the wave numbers along the z-axis are

ko = \/(er — jertand) kg — k2, — k2, 9)
with the Floquet wave numbers

2nm

2mm
= ]{iyo + —.
p

p

kwmn

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Antennas and Propagation. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TAP.2025.3577744

Here, the Floquet transverse wave numbers ko and Ky
depend on the incident angle (6, ¢) [37], which are

kzo = kosinf cos ¢, kyo = ko sinfsin ¢.

(1)

The above formulas provide an analytical solution to the
ECM via Floquet modal expansion. For the part above line
AB, it should be replaced by Vit ™' which however di-
rectly relies on the UC’s current distribution. While a closed-
form solution for current distribution exists for regular UC
geometries, it does not apply to generalized UCs with complex
configurations. Therefore, a more suitable alternative is to
establish a lumped RLC' equivalent model.

Based on the diode characterization, the DCMs from Section
IT serve as building blocks for the ECM. Both diodes are
connected to the patch in the orientation shown in Fig. 1,
dividing it into two major end-folded segments, with each
segment modeled as an RLC' series resonant circuit. Due to
differences in diode pad dimensions, the side connected to the
p-i-n diode has a slightly longer current path, leading to the
constraint L; > L,. Since both segments are equal in size
and symmetrically positioned relative to the UC boundary, the
same capacitance C is used to represent their charge storage
capability and the mutual capacitance between adjacent UCs.
The resistance R stands for ohmic loss.

Following Fig. 11, three inductances with a common ground
are introduced to represent the contributions of the vertical
currents supported by the ground and bias vias, denoted as L
and L4. They correspond to the self partial inductance of the
cylindrical wire segment [39]. L3 is placed between the diodes,
while L, lies outside the RLC' series circuit. Since the ground
via is terminated by the ground plane, whereas the bias vias
extend to the radial stubs, the additional constraint Lz < L4
must hold. The radial stubs act as large distributed capaci-
tances, allowing the bias vias to be treated as short-circuited
at mm-wave frequencies, thus forming two closed loops. As
discussed in Section III, the folded ends of the patch enhance
coupling between the segments. This structure represents a
discontinuity in the microstrip transmission line, forming a
foreshortened open circuit and a series gap (I; X wg), modeled
as a gap capacitance Cg [40]. In the UC, two identical coupled
gaps are arranged in parallel, yielding C; = 2C.

Finally, upon obtaining the input admittance in (2), the
scalar co-polarized reflection coefficient is described by [41]

TE|TM TE|TM
yJEITM _ 5 TE|

TE|TM __ ~S$mn in,mn
Do = TE|TM TE|TM * (12)
Y;vm” + Y;n,mn

Note that both EM and ECM analyses employ Floquet field
decomposition; thus, the reflection tensor is constructed in the
TE-TM modal basis. Similar to I'" in (1), we define

FTE,TE FTE,TM

I = (13)

FTM,TE FTM,TM

Hence, the result in (12) corresponds to one of the diagonal
elements in T/ (depending on (), i.e., [TETE or TTMTM A fiyr-
ther step is needed to express I in the -y basis to eliminate
the ¢-dependence and align the polarizations. This requires
a spatial transformation to the Cartesian coordinate system,

:
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Fig. 14. Simulated I'-coverage plots under normal PW incidence, comparing
two simulation methods. Blue dots are from EM-circuit co-simulation in HFSS
and ADS, and orange dots are from simulating the ECM in ADS. I'nax circles
correspond to ECM results. (a) 27 GHz. (b) 28 GHz.

reverting to (1). We have derived that it is an orthogonal
similarity transformation, given by

r=M'I'M=M"T'"M (14)
where the entries of the transformation matrix M are M, =
sin @, My = —cos, My = cos g, and M, = sin ¢.

The combination of Floquet modal expansion with lumped
component numerical/empirical modeling completes the pro-
posed ECM. This semi-analytical approach calculates exact
solutions for partial terms, while utilizing empirical values
for quantities like partial inductance and gap capacitance as
starting points. Small margins (up to 50%) are allowed for
refinement to match full-wave simulation results under normal
incidence. This results in a coherent ECM tailored for RF
scenarios, enhancing the understanding of operating principles.

B. Performance under Normal and Oblique Incidence

To verify the ECM, circuit simulations are performed in
Keysight ADS. The theoretical part is inherently incorporated
by explicitly entering the quantities defined in (4)—(11) into
the ADS schematic, following the circuit framework implied
by (2) and (3). Upon specifying the incident angle for TE
or TM excitations, the reflection coefficient is computed using
(12) and then transformed into the z-y basis via (13) and (14).
The bias ranges and step sizes for Iy and U, are identical to
those in EM-circuit co-simulations to ensure a fair comparison.
First, I'-coverage under normal incidence is evaluated using
both methods, as shown in Fig. 14. At 27 GHz and 28 GHz,
nearly point-to-point consistency is observed, with negligible
differences in A, and 'y, Fig. 15 shows the I'-coverage
plots under oblique incidence at 28 GHz. The I'-coverage from
both methods agrees well at # = 30° in both azimuthal planes.
As 6 increases to 60°, noticeable differences appear in the
¢ = 0° plane (E-plane), particularly in the upper-right rotation.
However, in the ¢ = 90° plane (H-plane), the ECM remains a
good match. The differences at large incident angles between
the ¢ = 0° and ¢ = 90° planes are mainly due to the z-
polarized UC geometry without rotational symmetry.
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Fig. 15. Simulated I'-coverage plots under oblique PW incidence at 28 GHz,
comparing two simulation methods. Blue dots are from EM-circuit co-
simulation in HFSS and ADS, and orange dots are from simulating the ECM
in ADS. I'max circles correspond to ECM results. (a) € = 30° and (b) 6 = 60°
in the ¢ = 0° plane. (c) # = 30° and (d) 6 = 60° in the ¢ = 90° plane.

For Floquet modes with wave numbers &z, and kymp, the
resonant UC is more susceptible to k,.,,. To analyze this, we
compute the ratio of ky,, to ko as

kmmn

2 A
:sinﬁcosw—l—%:SinGcosga—i-on (15)

0 op
where \g/p = 2.38 for the selected UC period. In two planes,

kmmn

ko

Tmn

= sinf + 2.38m, = 2.38m.

p=0°

16
ko | ,—o00 (16)

As expected, kg, varies with 6 only in the ¢ = 0° plane,
indicating that the UC performance in this plane is more prone
to change. The extent of this effect becomes evident as 6
increases, especially when p is relatively large. For smaller
UC lattices, the proportion of the sin é term in (16) is minor.

From another perspective, the placement of the three vias
in the UC also contributes to this difference. As the vias are
aligned along the ¢ = 0° plane, they interact electrically with
the oblique incident TM wave in this plane but remain invisible
to the TE wave in the ¢ = 90° plane. This effect should
be reflected in the inductances Ls and L4. Typically, the UC
current distribution varies with the incident angle, meaning all
equivalent parameters in the ECM should be #-dependent. In
the established ECM, these lumped quantities remain fixed to
facilitate versatility and ease of application, which is effective
as long as the angular sensitivity of the UC is sufficiently low.

The A, distributions from both EM-circuit co-simulation
and ECM simulation are presented in Fig. 16. The similarity
is higher in the ¢ = 90° plane than in the ¢ = 0° plane.
However, for § < 40°, the results in the ¢ = 0° plane remain
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Fig. 16. Simulated Aoy distributions versus incident angle and frequency,
comparing results from EM-circuit co-simulation and ECM simulation. (a)
EM-circuit and (b) ECM results in the ¢ = 0° plane. (c) EM-circuit and (d)
ECM results in the ¢ = 90° plane.

Waveguide to
coaxial adapter

(a)

Fig. 17. Setup for UC characterization with a waveguide simulator, emulating
an infinite RIS under varying oblique incidence at different frequencies. DC
cables connected from the bottom are omitted for clarity. (a) Waveguide
simulator. (b) TRL waveguide calibration kit. (c) PCB with 1 x 2 UCs.

nearly identical, with deviations appearing beyond this range.
Therefore, the proposed ECM can be regarded as valid for
6 € [—40°, 40°] in the » = 0° plane and 6 € [—60°, 60°] in
the ¢ = 90° plane within 25-30 GHz.

V. EXPERIMENTS WITH THE WAVEGUIDE SIMULATOR
A. Experimental Setup

So far, the UC has been analyzed in an infinite RIS using
both EM and circuit approaches. This section employs a well-
established waveguide simulator technique for cost-effective
experimental validation. Based on image theory, the waveguide
emulates an infinite array for the UC and provides quasi-PW
excitation to examine its scattering characteristics [42].

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Antennas and Propagation. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TAP.2025.3577744

Fig. 17 shows the prototypes. The brass waveguide com-
ponents are CNC-machined. The 1 x 2 UCs are placed side
by side and attached to one end of the customized waveguide,
with an aperture dimension equal to the size of the two UCs.
The other end is converted to a standard WR-28 waveguide via
an internal quarter-wavelength impedance transformer, thereby
connected to a waveguide-to-coaxial adapter for measurement
purposes. A TRL calibration kit consisting of back-to-back 2-
port waveguides is used as the measurement reference at the
waveguide interfaces. The waveguide is assembled from two
identical blocks along the E-plane, using press-fit and slip-
fit dowel pins for precise alignment and secure fixation. A
milled metal base holds the PCB, preventing bending and
ensuring structural stability. To simulate electric walls, the
peripheral outline of the two UCs is enclosed by two fences
of plated through vias. These vias are filled and capped
during PCB manufacturing, rendering them invisible under a
microscope. The diodes are manually soldered to the UCs,
while the bias lines are routed from the backside and soldered
to a surface-mounted six-position 1.0-mm-pitch socket for DC
cable connections. Biasing is provided by digital-to-analog
converters (DAC81416) from Texas Instruments, which output
a 0-20 V buffered voltage with 16-bit resolution. Additional
voltage-to-current converters are cascaded with the DACs for
p-i-n diodes. Therefore, continuous control is implemented
with 16-bit resolution for both amplitude and phase.

In this setup, the UC is excited under a specific oblique
incidence for each frequency [42], namely at ¢ = 90° and

0 = arccos [ 1- ()\O/AC)Z] (17

where \. = 4p is the cut-off wavelength of the TE;y mode.

B. T'-coverage, Operational, and Instantaneous Bandwidths

Fig. 18 shows the measured I'-coverage at various frequen-
cies, alongside simulated results from waveguide-excited UCs.
The measurements use the same bias settings as in previous
simulations. The I'** dot distributions in both results exhibit
good agreement, with consistent rotational trends across fre-
quencies, except for minor deviations at higher frequencies.
Fig. 19 presents the frequency responses of Aoy and T'iyx.
Simulated results from an infinite RIS at equivalent oblique
angles, calculated using (17), are also provided. The measured
operational bandwidths are 25.8-28.0 GHz for A, > 25%,
and 26.5-27.7 GHz for I'j,.x > 0.25. The measured maximum
values are 34.1% for A.,y at 27 GHz and 0.38 for I'j. at
27.5 GHz. The measured results validate the predicted trends
for both A., and T, with a 350 MHz frequency shift in
the waveguide simulator closely aligning with simulations.

In comparison, the measured A, and I'y,x are smaller
than the simulated ones, as reflected by the lower outline of
the I'-coverage plots in Fig. 18, indicating potential higher
loss in the UC structure and measurement uncertainties. These
discrepancies will be discussed in the following sub-section.

The measured amplitude and phase of I'** are shown in
Fig. 20 for frequency stability analysis. The bias states are
selected from the measured I’y circle [Fig. 18(c)], following
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Fig. 18. Simulated (blue dots) and measured (red dots) I"-coverage plots with
the waveguide simulator. Simulated results are from EM-circuit co-simulation
in HFSS and ADS, with a customized waveguide exciting the two UCs.
Measurements are taken with the waveguide setup. I'max circles correspond
to measured results. (a) 26.5 GHz. (b) 27 GHz. (¢) 27.5 GHz. (d) 28 GHz.
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Fig. 19. Simulated and measured Acoy and I'max versus frequency. Param-
eter values are calculated from each I'-coverage plot from EM-circuit co-
simulations (in both infinite and waveguide environments) and measurements.
The requirements (req.) are defined as either Acoy > 25% or I'max > 0.25.

a similar approach as in Fig. 9. The measured instantaneous
bandwidth, defined by +50° phase fluctuations, is 27.3—
27.7 GHz (400 MHz). The phase curves match waveguide-
based simulations at these states, with a small frequency shift.

C. UC Loss Analysis

A series of experiments has been conducted to identify
potential sources of additional measured losses. First, the
surface roughness of the copper foil is found to be critical
for the UC. Based on Rogers laminate specifications and
passive UC measurements (without diode loading), the Huray
surface roughness model with a nodule radius of 0.7 ym and a
surface ratio of 4 is applied in full-wave simulations. However,
this non-ideal feature may still be underestimated. Second,
materials used for diode mounting show a visible impact.
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Fig. 20. Measured and simulated amplitude and phase of I'*** versus bias
states at several frequencies. Thirteen state samples (the black dots on the
inset) uniformly distributed on the I'max = 0.38 circle measured at 27.5 GHz
are selected. The respective (¢, U;) values are (0.58, 10.5), (1.24, 11.5),
(2.19, 12.5), (5.65, 13.5), (10.00, 14.5), (5.65, 15.5), (2.19, 16.5), (0.85, 17.0),
(0.40, 17.0), (0.19, 14.0), (0.15, 9.5), (0.22, 8.5), and (0.48, 10.0), all in
(mA, V). (a) Measured results. (b) Simulated results.

Specifically, mounting with conductive adhesive causes about
4.5 dB more loss in I'j,x than solder paste. However, manual
soldering uncertainty introduces only minimal variation, as
confirmed by multiple PCB samples. Third, a measurement
comparison of fabricated UCs with two different PCB surface
finishes—electroless nickel immersion gold (ENIG) and elec-
troless palladium immersion gold (EPIG)—reveals that ENIG
introduces 1.2 dB more loss than EPIG. Additional potential
loss sources include air gaps in the structural assembly and
processing tolerances. Common dielectric and ohmic losses,
as well as diode parasitic effects, are already incorporated into
the detailed UC and diode modeling. At mm-wave frequen-
cies, these factors become increasingly significant, collectively
contributing to the total reflection loss of the UC.

The UC loss is further detailed in Table II. The I'-coverage
confirms that the UC can operate in either reflective or
absorptive mode with controllable losses, where low loss is
preferred for reflection and high loss for absorption. For the
reflection criterion ensuring a full —180°—+-180° phase range
(C1.2), the minimum loss is 6 dB under normal incidence and
8.4 dB under oblique incidence (experimentally measured).
This trade-off in UC loss enables a wide tuning range (i.e.,
0-I'max for amplitude and —180°—+180° for phase) while
maintaining high accuracy (nearly continuous control with 16-
bit resolution for both amplitude and phase). Additionally,
lower losses can be achieved at specific phase points (C1.1).
Losses are also evaluated over both the operational and in-
stantaneous bandwidths (C1.3 and C1.4). For the absorption
criterion, near-infinite losses can be generated at the desired
frequency through high-precision biasing (C2.1), with losses
exceeding 14.2 dB over the instantaneous bandwidth (C2.2).

VI. COMPARISON AND DISCUSSION
A. UC Comparison

A UC-level performance comparison between the proposed
design and previous works is summarized in Table III. While
several designs demonstrate electrical reconfigurability of
amplitude-phase responses, most are constrained to discrete
1-bit phase quantization [13], [14], or provide only a limited

number of switching states for both amplitude and phase [15],
[17]. Moreover, their control capabilities are restricted, as UCs
share DC bias lines along a column, preventing independent
control [13]-[15], [17]. The UC in [20] enables continuous
amplitude and full-phase control; however, it suffers from a
complex multi-layer configuration, with significantly higher
diode counts and cost. Additionally, these implementations pri-
marily operate below 10 GHz. While some recently developed
UCs have started exploring mm-wave frequencies, they still
fall into the category of 1-bit or 2-bit phase-only control [28],
[29]. In contrast, the proposed UC addresses these limitations
with simultaneous, independent, and continuous amplitude-
phase control, and is demonstrated at mm-wave frequencies for
the first time. The UC loss, when compared to [20], highlights
the challenges of mm-wave implementation, particularly since
the operating frequency in this work is approximately seven
times higher. Furthermore, this study establishes a physically
consistent ECM, accounting for critical diode parasitic effects
and increased loss at mm-wave frequencies.

B. RIS-Assisted OTA Testing Application: PW Generator

Despite the reflection loss associated with I'y,,x potentially
hindering efficiency, the design holds substantial promise for
broader applications where this factor is less critical, especially
in OTA testing of wireless devices. Unlike typical wireless
communications, where SNR (and thus loss) is crucial, the
RIS in this context synthesizes a reconfigurable channel matrix
to enable dynamic test environments for devices under test
(DUTs), serving as a cost-effective alternative to large-scale
mm-wave active phased arrays and compact antenna test
ranges (CATRs). Herein, RIS-induced losses are no longer a
major concern, as inherent system losses can be calibrated and
compensated during testing. The main drawback is a marginal
reduction in the available dynamic range of the measurement
setup, expressed as the difference between the maximum
measurable signal and the minimum detectable signal above
the noise floor. Consequently, the proposed UC is well-suited
for OTA testing applications, where precise amplitude-phase
control (e.g., at least 4-bit [4] or 5-bit [5] resolution for both
parameters) is essential, while loss and efficiency requirements
are of secondary importance and can be relaxed.

To demonstrate, the UC is analyzed in an RIS-assisted near-
field PW generation scenario, similar to a reflect/transmitarray-
based CATR [43], [44], but enabling tunable PW arrival
angles without mechanical rotation. This scenario is simulated
using the methodology in [4], with an RIS model comprising
21 x 21 UCs. A 9 dBi pyramidal horn is used as the feed,
and an 11 x 11 bow-tie array with 22.8 dBi gain serves as
the DUT. The RIS, illuminated by the feed, aims to generate
a PW that minimizes amplitude-phase errors (< 1 dB and
< 10°) within a confined test zone. An optimal field synthesis
algorithm [4] is applied to the UCs to ensure the required field
uniformity. Fig. 21 shows the simulated setup, emphasizing
the necessity of diverse UC states, ranging from almost-full
absorption (see UCs at the RIS edges with |T'"*| < —20 dB)
to high reflection (see UCs around the RIS center with
|T**| ~ —6 dB). The feed-RIS and RIS-DUT distances are
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TABLE 11
UC L0OSS BASED ON REFLECTION AND ABSORPTION CRITERIA
Reflection criterion (C1.1-C1.4) UC loss (dB) | Frequency (GHz) Angle (°) Bias state (mA, V) Comment
C1.1: Minimum loss at an 0.4 28 0=0 S5: Iy = 0.005, Uy = 18 Sim., infinite RIS
individual phase point 0.4 275 0 =373 I; = 0.005, Uy = 18 Mea., waveguide
C1.2: Minimum loss over 6.0 28 6=0 (It, Uy) for T'max = 0.5 Sim., infinite RIS
the 360° phase range 8.4 27.5 =373 (It, Uy) for Tpax = 0.38 Mea., waveguide
C1.3: Loss over the 6-12 25.7-28.6 0=0 (It, Uy) for Tmax > 0.25 Sim., infinite RIS
operational bandwidth 8.4-12 26.5-27.7 6 = 37.0-39.0 (It, Uy) for Tipax > 0.25 Mea., waveguide
4-8.8 27.7-28.3 6=0 (I, Uy) for I'max = 0.5 at 28 GHz Sim., infinite RIS
C1:4: Loss over the 2.7-17.6 27.7-283 0 =45 I, Uy) for Tmay = 0.5 at 28 GH Sim., infinite RIS
instantaneous bandwidth T 740 = (It, Ur) for 'max = 0.5 at z im., infinite
5.6-13.4 27.3-27.7 0 =37.0-37.6 | (I, Ur) for I'max = 0.38 at 27.5 GHz | Mea., waveguide
Absorption criterion (C2.1-C2.2) | UC loss (dB) | Frequency (GHz) Angle (°) Bias state (mA, V) Comment
C2.1: Maximum achievable 00 28 0=0 S4: Iy = 0.33, Uy = 11.5 Sim., infinite RIS
loss 0o 27.5 0=373 Iy =058, Uy =135 Mea., waveguide
C2.2: Loss over the 14.2-00 27.7-28.3 0=0 S4: Iy =0.33, Uy = 11.5 Sim., infinite RIS
instantaneous bandwidth 15.4—00 27.3-27.7 6 = 37.0-37.6 I; =058, U = 135 Mea., waveguide
TABLE III
UC-LEVEL COMPARISON WITH PREVIOUS WORKS
Reference [13] [14] [15] [17] [20] [28] [29] This work
Design frequency
(GHz) 7.85 10 3 49 4.15 27.5 26.1 28
Ampl““ﬁf control | 45 0.92* 0.1-09 |02, 06, 085 | 04,08 | 0.13-071 No No o
0, 45, 90, 135, _125.6. —32.9
Phase control (°) —120, 60 90, 290 0, 90, 180, 270|180, 225, 270, 0-426 —360, —180 - o —180—+180
315 50.7, 148.5
Actual bits of |\ o it | N/A & 1-bit | N/A & 2-bit | I-bit & 3-bit |16-bit & 16-bit] 0 & 1-bit 0 & 2-bit 16-bit & 16-bit
amplitude & phase
. Trapezoidal Rectangular .| Stacked patch |Rectangular & Patch & Vertical loop &
Configuration patch strip Patch & strip & mesh E- patch circular cutout Segmented patch end-folded patch
. . , . 1 p-in &1 2 varactor 2 p-i-n & 4 , . . . 1p-in&l
Tunable component| 2 p-i-n diodes | 1 p-i-n diode varactor diode diodes varactor diodes 1 p-i-n diode 2 p-i-n diodes varactor diode
Suitable for
independent UC No No No No Yes Yes Yes Yes
control
Substrate layer 1 1 1 2 4 2 3 2
Periodicity (Ag) 0.42 0.33 0.10, 0.18 0.33 0.42 0.35 0.44 0.42
Thickness (Ag) 0.05 0.10 0.03 0.08 0.10 0.17 0.14 0.10
Minimum loss (dB)| 0.7 for 1-bit | 0.9 for 1-bit | 1.4 for 2-bit | 1.4 for 3-bit 3.0 for full | 2.87! for 1-bit | 1.9%2 for 2-bit | 6.0 for full phase
& criterion phase control | phase control | phase control | phase control | phase control | phase control phase control control
Operational 4143 (4.8%) 2029 (125%)
bandwidth (GHz) N/A N/A N/A N/A Definition not N/A N/A oV = 00 3
& definition specified 25.7-28.6 (10.7%)
for I'max > 0.25
bandwidth (GHz) | & © DI N/A N/A N/A N/A b i Phase | for a +50° phase
& definition difference o phase difference|standard deviation Auctuation
180° £ 37° of 180° + 20° < 32.5°
ECM Not validated | Not validated | Not validated Yes No No No Yes
. Bistatic Monostatic Bistatic Bistatic Bistatic extraction Waveguide
[igaf;cr;::zmaiinotsl extraction from |extraction from mei?lrgrgen " extraction from|extraction from mei?lrgr(rien " from the RIS simulator with
the RIS panel | the RIS panel the RIS panel | the RIS panel panel 1 x 2 UCs

N/A: Not available in the referenced context.
* Simulated under normal incidence at their respective design frequencies.
# Measured under equivalent oblique incidence (6 = 37.3°, ¢ = 90°) at 27.5 GHz using the waveguide simulator.

T For the phase-only control case, the UC loss is reported as the maximum value, either
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Fig. 21. Simulated setup for RIS-assisted near-field PW generation at 28 GHz,
where the UCs’ color codes represent the amplitude of I'***. The simulation
model accounts for inter-element mutual coupling effects in the RIS and the
DUT array, while assuming negligible edge truncation/diffraction and multi-
scattering effects with the horn. The RIS semi-subtended angle is about 20°.

TABLE IV
RIS-BASED CATR AND EQUIVALENT FAR-FIELD SETUP
Measurement setup Phase error (°) | Distance™ (A\g) | Loss (dB)
RIS-CATR (ideal UC) 1.7 15715 20.4%
Far-field setup w/o RIS 1.7 1475 53.5%
RIS-CATR (presented UC) 2.5 15/15 27.6*
Far-field setup w/o RIS 2.5 991 50.47
Far-field setup w/o RIS 22.5% 109 30.8"

* For the RIS-CATR setup, the feed-RIS and RIS-DUT distances are shown;
for the far-field setup, the distance required to achieve the same phase error
as in the RIS-CATR setup is provided.

# Obtained via simulation of the transmission coefficient (i.e., coupling)
between the feed and the DUT.

 Free-space path loss calculated using the Friis transmission formula.

§ 7/8 rad, typically used for far-field definition.

relatively short (both 15X\ &~ 0.16 m), while the E-field
amplitude and phase errors across the DUT aperture remain
below 0.6 dB and 2.5°, respectively. In contrast, an equivalent
far-field setup achieving the same phase uniformity would
require a much larger distance between the probe (i.e., the
horn without RIS) and the DUT—about 10.62 m (991\¢)—
leading to significantly higher total signal loss. Table IV
compares the PW generator with far-field setups for both
an ideal UC (lossless, supporting unit-circle I'-coverage with
full amplitude-phase tunability) and the practical UC in this
study. The proposed UC contributes 7.2 dB to the system loss
compared to an ideal UC, but achieves a 22.8 dB reduction
relative to a far-field test range. Therefore, the practical UC
losses have minimal impact on the considerably enhanced
dynamic range of the RIS-enabled CATR.

Fig. 22 illustrates the operational bandwidth of the RIS-
assisted PW generator, defined by amplitude errors below 1 dB
and phase errors below 10° within the synthesized test zone.
As shown, the achieved bandwidth is 25.5-28.5 GHz (3 GHz),
attributed to the UCs’ ability to adjust their optimal I" values
with frequency. However, if a single-frequency beamformer
is applied and held fixed across the band, the instantaneous
signal bandwidth of the setup is expected to be limited—about
70 MHz in this case. Therefore, it is customary to employ
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Fig. 22. Simulated PW E-field amplitude and phase errors versus frequency
within the synthesized test zone, generated by the RIS-assisted PW generator
using a 21 x 21 RIS panel composed of the proposed UC. Uniform
PW formation is optimized at each frequency, with performance criteria of
amplitude error < 1 dB and phase error < 10°.

multi-frequency optimization in PW generators, which can
increase the instantaneous bandwidth by a factor of 4 to 8
(see Fig. 11 in [45]), depending on the RIS panel size.

VII. CONCLUSION

We report the first development and validation of an
amplitude-phase tunable RIS UC at mm-wave frequencies,
essential for emerging near-field applications such as RIS-
assisted OTA testing. To assess the reconfiguration range and
continuity—ideally from full absorption to full reflection with
multiple states—we introduce I'-coverage, a generalized rep-
resentation of reflection properties, along with the relative I'-
coverage area A,y and the maximum amplitude I"p,, for 360°
phase control. The UC is realized as a two-loop end-folded
structure with a p-i-n diode and a varactor diode, enabling
independent and continuous amplitude-phase control. The
inductive loops interact with the variable diode impedance,
supporting diverse reflection/absorption states while allowing
independent biasing. The end-folded design enhances recon-
figurability by extending I'-coverage. Circuit models for both
diodes and the UC are formulated and verified across the
frequency band, all bias states, and varying incident angles.

The UC achieves a full phase tuning range and an amplitude
tuning range of 0-0.5 (simulated under normal incidence at
28 GHz) and 0-0.38 (measured under oblique incidence at
27.5 GHz). The corresponding minimum UC losses of 6 dB
(I'max = 0.5) and 8.4 dB (I'max = 0.38) highlight the nec-
essary trade-offs in maximizing amplitude-phase tuning. The
UC’s measured 400 MHz instantaneous bandwidth aligns with
the channel bandwidth specified for the 5G mm-wave FR2
spectrum [46], supporting a variety of in-band measurements.

The UC is exemplified as an RIS-assisted near-field PW
generator for a CATR. Despite intrinsic UC losses, the RIS-
based CATR improves the measurement system’s dynamic
range by 22.8 dB at 28 GHz compared to an equivalent far-
field test range with the same 2.5° phase errors, owing to the
shorter feed-RIS-DUT distances. This representative example
substantiates the UC’s potential for OTA testing applications.
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