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Abstract—The millimeter-wave band offers large bandwidth
and promises high data rates for wireless communication systems.
This work proposes a millimeter-wave radio-over-fiber archi-
tecture suitable for wideband mm-wave communication, using
a lowpass sigma-delta modulation approach. The central unit
generates baseband sigma-delta bitstreams, in-phase/quadrature
(I/Q) components, which are transported to a remote radio head
(RRH) using a standard QSFP28 optical interconnect link con-
nection. In the RRH, the baseband I/Q signals are upconverted to
the millimeter-wave band, amplified, and transmitted through an
antenna. The performance of the resulting sigma-delta-over-fiber
transmitter architecture is experimentally verified at 28 GHz,
demonstrating a state-of-the-art symbol rate up to 1.5 Gsym/s.
Furthermore, in over-the-air measurements, the architecture is
shown to support 1 Gsym/s with 5.9% error vector magnitude for
64/256/1024 quadrature amplitude modulation cases over a 5 m
wireless distance. The results demonstrate the feasibility of the
proposed architecture for the realization of wideband millimeter-
wave distributed antenna systems.

Index Terms– Sigma-delta-over-fiber, over-the-air, millimeter-
wave.

I. INTRODUCTION

Wireless communication networks require high data rates
to support an ever increasing amount of user subscriptions
and data traffic volumes [1] [2]. Millimeter-wave (mm-wave)
frequency has wider available bandwidth and increases data
rates. Radio-over-fiber (RoF) is a key and mature technology
for low-frequency (sub-6 GHz) communication systems [3],
and also suitable for distributed antenna systems which is
one direction to increase communication capacity [4]. Nev-
ertheless, in any area, the available bandwidth is limited for
a specific wireless system [5], therefore promoting solutions
for increased spectrum efficiency rather than bandwidth. The
first option for increased spectral efficiency is to explore spatial
diversity as in multiple-input-multiple-output (MIMO) systems
[6]. The second solutions use high modulation order to in-
crease spectral efficiency. Hence, to keep up with the demands,
there is a need for mm-wave MIMO systems supporting high
modulation order.

Several wideband mm-wave analog RoF (ARoF) transmit-
ters have been implemented with laboratory equipments [7]–
[16], as reported in TABLE I. However, none of them supports
spectrally efficient MIMO operation, and with only low effi-
cient modulation schemes of on-off-keying (OOK)/quaternary-
amplitude-shift-keying (4ASK)/quadrature phase shift keying
(QPSK)/16QAM/32QAM (quadrature amplitude modulation).
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TABLE I
STATE-OF-THE-ART RADIO-OVER-FIBER TRANSMITTERS.

Ref. Carrier
(GHz)

Modu-
lation

Capacity
(Gsym/s)

EVM
(%)

Complexity

[7] 159.6 OOK 12.5 - High
[8] 37.75 4ASK - - High
[9] 28 QPSK 0.1 8 High
[10] 28 16QAM 1.96 - High
[11] 28 16QAM - 10 High
[12] 28.4 16QAM - 4.18 High
[13] 60 16QAM 1.76 - High
[14] 19 16QAM 3 15.25 High
[15] 141 16QAM 44 - High
[16] 60 32QAM 0.1 7.9 High
[17] 28 64QAM 2.2 7.6 High
[18] 28.25 64QAM 0.1 - High
[19] 28 64QAM 0.8 - Medium
[20] >24 64QAM 0.16 7.11 Medium
[21] 123 4096QAM 15 - High
[22] 76.2 8192QAM 10 - High

This
work

28 1024QAM 1 5.9 Low

The systems in [17] [18] used 64QAM signals with a Mach-
Zehnder modulator (MZM) and an external laser source to
modulate the radio frequency (RF) signal to the optical do-
main, which results in high system complexity. The MIMO
demonstration of [19] is based on an intermediate-frequency-
over-fiber (IFoF) architecture with off-the-shelf hardware. A
bandpass sigma-delta-over-fiber (SDoF) MIMO architecture
is reported in [20] with medium complexity, but the results
were limited by the 10 Gbps data rate of the fiber con-
nection and phase noise of the radio. Recently, the mm-
wave demonstrations of [21] [22] showed 4096/8192QAM
modulated signals, respectively, with highly complex arbitrary
waveform generator (AWG) and external laser equipments in
the central unit (CU). The demodulated results of [21] [22]
depended on a 25% overhead forward error correction (FEC)
and did not report any EVM.

In our previous research, we introduced a new bandpass
SDoF based mm-wave MIMO link architecture [23]. In [24],
we performed detailed investigations on the architecture and
presented MU-MIMO transmission, serving two users with
500 Msym/s each using 64QAM modulation.

In this work, we propose a baseband/low-pass sigma-delta
approach to extend the bandwidth and signal spectrum effi-
ciency for mm-wave SDoF architectures. Additionally, this
work has an even simpler remote radio head (RRH) solution
than in [24]. We report state-of-the-art performance with 5 m
OTA transmission of 28 GHz 64/256/1024QAM modulated
signals with ≥4 Gbit/s throughput.

This paper is structured as follows: Section II describes
the system architecture. Section III presents the results of the
experimental investigations. Finally, conclusions are drawn in
Section IV.
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Fig. 1. Proposed millimeter-wave lowpass sigma-delta-over-fiber architecture with vector signal analyzer based receiver for experiments. The FPGA has RAM
(random access memory) and SER (serializer) for data transmission at 25 Gbps = 64 bits×4390.625 MB/s.

II. SYSTEM ARCHITECTURE

The proposed architecture is reported in Fig. 1. In the
CU, the baseband signal is upsampled to a data rate of 25
Gsym/s and then fed to two second-order lowpass sigma-
delta modulators (LP-SDM) for the I and Q components,
respectively. A FPGA (Virtex UltraScale+ HBM VCU128)
with a 156.25 MHz clock rate and a QSFP28-enabled fiber
connection transmit LP-SDM bitstreams from the CU to the
RRH. QSFP28 (FS QSFP-100G-SR4-S) is a standardized opti-
cal interconnection with four parallel channels, each operating
at 25 Gbps. The fiber connection is a 10m MTP-12 (female) to
MTP-12 (female) cable with twelve OM4 multimode fibers.
Only two sub-channels of fiber connection are operating to
study the LP SDoF principle in this work. All four sub-
channels of the QSFP28 will be occupied in future MIMO
extensions. In the future, the capacity of our proposed system
can scale up significantly since 800 Gbps pulse amplitude
modulation 4-level (PAM4) fiber link solutions are available.

The RRH contains a mm-wave upconverting mixer (Analog
Devices EVAL-ADMV1013), which has an output frequency
range of 24-44 GHz. In this case, the mixer is configured for
baseband operating mode and requires a local oscillator (LO)
signal of 5.4-10.25 GHz due to its built-in LO quadrupler.
During measurements, a 7 GHz LO frequency is used, corre-
sponding to a 28 GHz output frequency. The mixer also has
integrated LP filters for input baseband signals with a 6 GHz
cut-off frequency, suppressing part of the quantization noise
in the LP-SDM coded I/Q signals. In a real application, a
separate LP filter will be installed, matching the symbol rate
used. Connected to the mixer is a 24 - 34 GHz power amplifier
(Analog Devices EVAL-HMC943APM5E), which boosts the
transmitter output power and the OTA range.

The RRH is equipped with a Vivaldi antenna designed
for a 28 GHz center frequency. An identical antenna is
used at the receiver in the OTA experiments. where a low
noise amplifier is connected before a 33 GHz oscilloscope
(UXR0334A Infiniium UXR-Series, 128 GS/s ) equipped with
a vector signal analyzer (VSA) software. The receiver signal
processing compensates for I/Q imbalance using a 25 taps I/Q
equalizer.

III. EXPERIMENTAL RESULTS

The experiments with the proposed transmitter have been
done with the setup illustrated in Fig. 2. In the following, we
present a stage-by-stage verification of the RRH, and OTA
experiments.
A. RRH Verification

The performance of the RRH has been investigated in terms
of its power, spectrum, and symbol rate. In the RRH, LP-

MyWave Confidential • 1

Fig. 2. Measurement setup for the step-by-step verification and the over-the-
air demonstration.

SDM coded I/Q signals from the QSFP28 transceiver are fed
to the active mixer, which has a programmable gain amplifier
at its output stage. When we change the mixer output power
from -15.8 dBm to 6.5 dBm, the EVM of the output signal
worsens as Fig. 3 shows. The measured power is the band
power for the 100 Msym/s 64-QAM modulated signal, which
has around 6 dB peak-to-average-power-ratio. It means that
the mixer, with an output 1 dB compression point of 10 dBm,
introduces a distortion to the high power output signal.
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Fig. 3. Performance at the output of the remote radio head upconverting
mixer.
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Fig. 4. In-band power and adjacent channel power ratio (ACPR) at the output
of (a) Upconversion mixer; (b) Power amplifier. A sinusoidal tone is added
to track the carrier frequency offset.

To have enough power for OTA transmission, we configured
the output power of the mixer to -0.3 dBm, as illustrated by
the spectrum in Fig. 4(a). On the right side of the inband
signal, a sinusoidal tone is added to track carrier frequency
offset between the transmitter and the receiver since they are
not synchronized. The adjacent channel power ratio (ACPR)
is -40.5 dBc at the mixer output for the 100 Msym/s 64-QAM
single carrier transmission case. At the output of the PA, the
signal power is increased to 21.9 dBm as Fig. 4(b) presents,
which corresponds to a 22.2 dB = 21.9 dBm - (-0.3 dBm)
gain. This corresponds well to the PA data sheet, where a
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20 dB minimum gain is specified. From the results in Fig. 4,
the ACPR degrades from -40.5 to -36.9 dBc after the PA.
The reason is that the output signal power is close to the
1 dB compression point of the PA, which is 29 dBm. The
peak output power reaches 28.6 dBm when considering the
6.7 dB peak-to-average power of the signal used. The LP-SDM
quantization noise is potentially contributing to additional
power.

To visualize the quantization noise of the SDM signal, Fig.
5(a) shows the measured spectrum of the QSFP28 output
signal and shows that the quantization noise extends up to
20 GHz, while the spectrum of Fig. 5(b) proves that a LP
filter with 200 MHz can suppress the noise at least 35 dB.
However, the following measurements do not include such
a LP filter since our objective is to investigate symbol rate
limitations of the proposed architecture.
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Fig. 5. Spectrum of (a) the QSFP28’s signal; (b) the QSFP28’s signal with
a lowpass filter.

Fig 6 shows the wideband spectrum of the mm-wave output
signal. Even if the transmitting signal is at least 20 dB higher
than the quantization noise, the quantization noise is present
across the entire band from 20-33 GHz, which is the upper
limit of the instrument used. Hence, it is reasonable that the
quantization noise contributes some power.
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Fig. 6. Spectrum of the remote radio head output signal.

The symbol rate performance is measured at the
QSFP28/mixer/PA outputs, respectively, and compared with
simulation results as reported in Fig. 7. For the QSFP28 output
signal, two channels of the oscilloscope (33 GHz bandwidth)
sample the I and Q data simultaneously. For the mixer and PA
signal, one channel of the oscilloscope samples the mm-wave
signal in VSA mode. In general, the quality of the QSFP28
signal, quantified by its EVM, is close to the performance
after upconversion in the mixer, with a small degradation due
to the chosen nonlinearity output power tradeoff discussed
previously. At 1.5 Gsym/s, all measured results are close to
the theoretical limit set by the quantization noise from the
SDM sample rate. It means that the SDM signal quantization
distortion dominates the transmitter performance.
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Fig. 7. Transmitter output signal performance quantified by EVM for 64-
QAM modulated signal up to 1.5 Gsym/s.

B. OTA Experiments
During the OTA experiments, the transmit antenna is sep-

arated from the receive antenna by a 5 m distance, as Fig. 2
shows. The OTA experiments have three modulation cases:
64/256/1024QAM. As shown in the results in Fig. 8(a), the
EVM is independent of the modulation order used, demon-
strating an EVM around 8% at 1 Gsym/s. The difference
between the OTA curves and the results directly at the RRH
PA output is caused by the received signal power spectral
density decreasing in proportion to the bandwidth increases.
A shorter distance, higher output power, or more directive
antennas could recover this.

The bit-error without FEC is calculated because it is a
stricter requirement than the EVM. The zero-error symbol
rates for 64/256/1024QAM signals are 800/500/200 Msym/s,
obtained from ten transmissions of 46080/38400/19200 bits.
Fig. 8(b) presents the corresponding demodulated constella-
tions of 800/500 Msym/s 64/256QAM signals with 6.1%/3.8%
EVM corresponding to 4.8 Gbit/s and 4 Gbit/s. In general, the
lower modulation formats reach a larger data rate, while the
higher modulation formats promise higher spectrum efficiency.
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Fig. 8. Results of the over-the-air measurements. (a) Error vector magnitude
(EVM) performance; (b) Zero-error constellations for 64/256 quadrature
amplitude modulation.

IV. CONCLUSION

This paper proposes a mm-wave transmitter architecture us-
ing QSFP28-enabled lowpass SDoF with a low-cost hardware
implementation. The lowpass SDM allows larger bandwidth
than the typical bandpass SDoF implementations. The trans-
mitter verification reaches a symbol rate of 1.5 Gsym/s with
10.7% EVM, while 1 Gsym/s still has 4.2% EVM. Moreover,
the OTA measurements operate at 28 GHz carrier frequency
over a 5 m distance, resulting in 8% EVM for spectrally
efficient 64/256/1024QAM signals, with the zero-error data
rates of 4.8 Gbit/s and 4 Gbit/s for 64/256QAM signals. The
results demonstrate the feasibility of the proposed architecture
for the realization of wideband mm-wave distributed antenna
systems.
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