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Abstract—Millimeter-wave and multiple-input-multiple-output
(MIMO) technologies combine broad bandwidth with spatial
diversity to offer a greater data rate. This paper investigates
a flexible millimeter-wave sigma-delta-over-fiber based trans-
mitter solution with digital beamforming MISO and MIMO
functionality. Those functions are controlled by a central unit
connecting a remote radio head with a standardized QSFP28
fiber link. The central unit generates binary encoded intermediate
frequency signals using bandpass sigma-delta modulation. The
QSFP28 based fiber link transmits the intermediate frequency
bitstreams to the remote radio head. The remote radio head
consists of a QSFP28 module, 90° hybrids, and upconverters. The
remote radio head feeds four parallel, independent, coherent, and
central-unit controlled 28 GHz signals to a linear array trans-
mitting antenna. The transmitter performance is experimentally
verified, demonstrating up to 800 Msym/s at an EVM/NMSE
of 6.7%/-23.5 dB when tested with a 64 quadrature ampli-
tude modulation (64-QAM) modulation scheme. Digital over-
the-air beamforming MISO functionality is demonstrated up to
700 Msym/s across 1 m wireless distance. MIMO communication
capabilities is demonstrated by over-the-air transmission of two
independent 500 Msym/s to two spatially separated receivers. The
results show that the proposed link can be used for realization of
scalable, low-cost and flexible transmitter solution for emerging
distributed antenna systems.

Index Terms—MIMO, sigma-delta modulation, mm-Wave,
radio-over-fiber, 5G, beamforming.

I. INTRODUCTION

THE initial 5G networks offer more bandwidth to mobile
users by enhanced Mobile Broadband (eMBB) services at

the Non-Standalone stage [1]. In its further evolution, 5G will
offer Ultra-Reliable Low Latency Communications (URLLC),
massive Machine-Type Communications (mMTC) and reach
data rates of tens of Gbps [2] [3]. The millimeter-wave
(mm-Wave) frequency bands offer greater data throughput
than the lower bands [4]. However, mm-Wave signals suffer
from weak penetration and high propagation loss [5], limiting
the available communication capacity in practice. Multiple-
input-multiple-output (MIMO) with beamforming is the most
promising solution to compensate propagation loss and at the
same time deliver high communication capacity using spatial
diversity [6] [7]. To maximize capacity, a combination of mm-
Wave transmission and MIMO technology is therefore desired.
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Centralized radio access networks (C-RAN) move the ma-
jority of computationally intense processing into a central
unit (CU), which allows the remote radio heads (RRHs)
to be simplified [8]. Radio-over-Fiber (RoF) is a family of
techniques of C-RAN, as well as mature technologies for 4G
and 5G wireless access networks [9] [10]. As a candidate of
C-RAN, this paper studies flexible digital beamforming MISO
and MIMO functionalities controlled by a CU and enabled by
a simple mm-Wave RRH connected by a standardized fiber
link.

In sub-6 GHz frequency bands, RoF is already well es-
tablished with state-of-the-art analog-radio-over-fiber (ARoF)
[11], digital-radio-over-fiver (DRoF) [12] and sigma-delta-
over-fiber (SDoF) [13] [14] implementations. The study in
[15] states that ARoF enables the simplest RRH and is cost
effective for deployment. But [16] [17] criticize that ARoF
suffers from nonlinear distortion from the optical components.
DRoF has inherently higher tolerance for nonlinearity by
transmitting a constant amplitude bitstream [9]. For DRoF,
on the other hand, the RRH needs to include complicated
real-time signal processing functions and a high-speed digital-
analog converter (DAC) which increases the cost [12]. SDoF
has a simple radio structure as ARoF, and promises the same
linearity advantages as DRoF [16]. SDoF permits to have
simpler RRH, compared with DRoF. This becomes more and
more important in distributed MIMO implementations, where
the number of RRH increases a lot. SDoF has therefore
emerged as a practical solution and triggered intense research
[13] [14]. However, these low-frequency solutions [11]–[14]
can not be easily scaled up to mm-Wave frequencies.

At mm-Wave, several experimental single-input-single-
output (SISO) systems based on ARoF have been demon-
strated [18]–[22], however implemented with advanced lab-
oratory instruments. The work in [23] is a centrally controlled
multiple-input-single-output (MISO) system, but the beam
direction is fixed. A simple mm-Wave ARoF is studied in [24],
in which the signal is directly generated in the optical domain.
However, [24] only supports analog beamforming function.
A D-band (110 GHz – 170 GHz) ARoF system reached the
highest data rate of 352 Gb/s with a 2 × 2 antenna configu-
ration [25]. However, this system [25] depends on a directive
narrow beam of horn antennas and does not support MIMO
precoding. In [26], another ARoF MIMO system, with Mach-
Zehnder Modulator at the CU, is presented. In this way, the
RRH recovers mmWave by a photodetector, but the complexity
of the CU is high. One of the more mature mm-Wave MIMO
systems is reported in [27] and demonstrated during the 2018
PyeongChang Winter Olympics with a 1 GHz bandwidth at
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Fig. 1: Proposed link architecture. The QSFP28 connects the central unit and the remote radio head with four independent
channels. At the central unit, the PC and FPGA (VCU128) generate the sigma-delta modulated bitstreams to the fiber connection.
The remote radio head has four parallel upconversions to radiate signal through a linear array patch antenna.

28 GHz carrier frequency. Since it is a commercial system, it is
based on proprietary hardware and signal processing to support
commercial requirements. Such high cost and great efforts
of RRH design in [27] reduces the possibility for scientific
MIMO research. In [28], an SDoF solution with real-time
sigma-delta-modulation (SDM) is demonstrated for 22.75 GHz
– 27.5 GHz carrier frequency range. However, the achieved
symbol rate is limited to 390 Msym/s performance from an
excessive 100 Gbps bitrate. Recently, another SDoF-based
digital RoF system was proposed in [29]. The work in [29]
enables distributed MIMO operation as the local oscillation
(LO) signal of the remote upconversion is synchronized with
the CU. A 160.32 MHz bandwidth is presented in a 2 × 1
MISO configuration. However, this bandwidth is limited by
the 10 Gbps data rate of the fiber connection and phase noise
of the phase-locked loop (PLL) used [29]. In summary, there is
a lack of flexible mm-wave RoF solutions suitable for MIMO
applications.

In [30], we introduced an SDoF-based digital beamform-
ing transmitter architecture based on commercial available
hardware. Compared to the conference paper [30], this work
extends the investigation of the proposed novel architecture
significantly. A major extension is that link performance is
now reported for up to 800 Msym/s, compared to 130 Msyms/s
in [30]. The results of subchannel coherency, power level ver-
ification, and signal quality degradation of the RRH hardware
is presented. Additionally, the over-the-air (OTA) experimental
results reported in this work include, for example, a successful
500 Msym/s multiuser MIMO (MU-MIMO) wireless commu-
nication and 700 Msym/s MISO communication results. To
the best of our knowledge, these symbol rate results represent
the highest reported for mm-Wave SDoF MIMO applications.

This paper is structured as follows: Section II explains the
transmitter architecture. Section III shows measurements and
results. Finally, conclusions are drawn in Section IV.

II. TRANSMITTER ARCHITECTURE

This section will start with introducing the hardware struc-
ture for the proposed transmitter architecture. Later, the chan-
nel estimation and precoding will be presented. This section
ends with the baseband signal processing of the receiver (RX).

A. Hardware Structure

The transmitter is based on a QSFP28 fiber connection
between the CU and the RRH as in Fig. 3. The QSFP28
optical link includes four parallel high-speed digital channels
at 25 Gbps each. The CU includes a PC (MATLAB) and a
FPGA board. The PC generates baseband signals from initial
random bits. The orthogonal pilots or precoded signals are
four parallel baseband signals corresponding to the four mm-
Wave channels in the RRH. A root-raised-cosine filter is used
for pulse shaping to avoid intersymbol interference. The root-
raised-cosine filter is configured with a 0.2 roll-off factor and
four samples per symbol. The baseband signals need to be
upsampled to 25 Gsps to match the data rate of the fiber link.
Then, the baseband signals is numerically upconverted to an
intermediate frequency (IF). The IF signals add an out-of-band
sinusoidal signal to track the carrier frequency offset at the RX
signal processing. The IF signals amplitude will be scaled to
an optimum level of the following bandpass SDM (BPSDM) at
25 Gbps data rate [31]. The SDM order is 4 in this architecture
implementation [32]. The signal processing mentioned above
is done in the PC with offline signal processing. The FPGA
board (Xilinx Virtex UltraScale+ HBM VCU128) is responsi-
ble for transmitting coherent BPSDM bitstreams through the
fiber connection.

A commercial QSFP28 based optical fiber link connects
the FPGA to the RRH as illustrated in Fig. 1. The QSFP28
transmits four parallel bitstreams to four parallel upconversion
mixers (Analog Devices ADMV-1013) in the RRH. Each
mixer can output mm-Wave frequencies between 24 GHz and
44 GHz. For single sideband upconversion, a 90° hybrid is
used to feed the mixer with a quadrature IF signal. Ideally, a



JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. XX, NO. X, OCTOBER 2022 3

bandpass filter is required to recover the analog IF signal from
the SDM signal. However, in our system, the 90° hybrid and
the mixer’s IF input act as a bandpass filter, thus suppressing
the majority of the out-of-band quantization noise. Moreover,
the four parallel mixers are fed with the same LO signal to
facilitate coherent upconversion of the IF signals. A signal
synthesizer generates an LO signal originally, and the three
power dividers promise coherent LO signals for the four mix-
ers. The upconversion mixers include quadruplers, and accept
LO frequencies in the range 5.4 GHz - 10.25 GHz. In our
system, the 2.2 GHz IF signal is upconverted to 28 GHz center
frequency according to 6.45 GHz× 4 + 2.2 GHz = 28 GHz.
It is important to note that the center frequency can be
controlled within the 24 GHz - 44 GHz range, either by
changing the LO frequency or the IF frequency.

The TX antenna is simulated in CST Microwave Studio and
designed for 28 GHz frequency. The TX antenna is a linear
array patch antenna and can steer the transmitting beam in the
azimuth direction. The antenna consists of 16 patch elements
in total where each column of the antenna has four fixed
patch elements which create a narrow elevation beam width.
The separation distance between elements in azimuth/elevation
direction is 5.35 mm/5.63 mm, respectively, corresponding
to approximately a half wavelength at the center frequency.
The half-power beamwidth of each column is 79.8°/20° in
azimuth/elevation direction, respectively. The TX antenna has
four independent feeding ports fed with the four parallel
coherent signals from the RRH.

B. Channel Estimation

The experiments are performed at a short distance in a
stationary line-of-sight environment (as described in Section
III). Hence, this work assumes a stable flat-fading channel.

In our experiments, the channel estimation is the first stage
for digital beamforming and MU-MIMO. The CU generates
pilot signals to the RRH and TX antenna at the channel
estimation stage. An N-sample orthogonal pilot signal, X, is
generated by having one channel transmitting at a time:

X =


x0 0 0 0
0 x1 0 0
0 0 x2 0
0 0 0 x3


N×4

, (1)

where x0, x1, x2, x3 are the four individual channel pilot
sequences with uniform amplitude and random phases. These
and 0, all have a dimension of N/4× 1.

The least-square channel estimation is given by:

Ĥ =

[
ĥ10 ĥ11 ĥ12 ĥ13
ĥ20 ĥ21 ĥ22 ĥ23

]T

=
(
XTX

)−1
XTY, (2)

where Y is the received time aligned signal, with dimension
N× 2 for the two-user MU-MIMO case and dimension N× 1
for the single-user MISO digital beamforming case. Ĥ is
the estimated 4 × 2 channel matrix for MU-MIMO. The
estimated channel vector has the dimension of 4×1 for digital
beamforming MISO.

Received signal

Frequency offset 
adjusment

Preamble detection

Matching filter

Downsampling

Equalization

Phase 
synchronization

Constellation

Resampling

Timing 
synchronization

Fig. 2: The baseband signal processing steps at the receiver
for MISO digital beamforming and MU-MIMO experiments.

C. Precoding

In the MU-MIMO experiments, a zero-forcing (ZF) pre-
coder has been used. The ZF precoder, P, is defined as

P =
(
ĤĤ∗

)−1

Ĥ. (3)

To null interference at the receiver antennas, the ZF al-
gorithm processes the user data, U, to generate the MIMO
signals, S, as (4).

S = UPT. (4)

Since there is no inter-user interference in the digital
beamforming MISO experiments, the four channels can radiate
coherent signals with maximum output power. The precoder,
pBF, has been assigned uniform amplitude using the phase
information from the ZF precoder, P, as:

pBF =
[
ej∠P0 ej∠P1 ej∠P2 ej∠P3

]T
= ej∠P. (5)

The MISO beamforming precoder pBF processes user data
according to (4) to generate the transmit signals.

D. RX Baseband Signal Processing

For both the MISO and the MU-MIMO experiments, the
system receiver requires signal processing steps to demodulate
the user data. As shown in Fig. 2, the RX processing steps
include frequency offset adjustment using the out-of-band
sinusoidal signal, resampling to the matched filter sample
rate, and detection of the preamble to synchronize the frames.
Each frame needs timing synchronization, matched filtering,
downsampling, equalization, and phase compensation for a
final constellation [13].

III. MEASUREMENTS AND RESULTS

The proposed architecture in Fig. 1 has been implemented
and experimentally evaluated as presented in the diagram in
Fig. 3 with two RX antennas (Antenna 1 and Antenna 2)
corresponding to two users (User 1 and User 2). The RX
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Fig. 3: Demonstration diagram of the proposed link architecture. Power levels and bandwidth performance are verified at
positions A, B, and C of the remote radio head. There are the ideal signal spectrum of baseband signal, intermediate frequency
signal and sigma-delta modulated signal with the mm-Wave measured spectrum. The transmitter introduces a sinusoidal signal
next to the communication signal band for carrier frequency synchronization at the receiver. The two receiving antennas work
as two users.

TABLE I: Commercial hardware list of the transmitter.

Hardware Manufacturer Model Quantity
FPGA board Xilinx VCU128 1

QSFP28 FS QSFP28-SR4-100G 2
90° Hybrid Mini-Circuits ZX10Q-2-27-S+ 4

Power divider Mini-Circuits ZX10R-14-S+ 3
Mixer Analog Devices EVAL-ADMV1013 4

side also consists of one low noise amplifier (LNA) and one
vector signal analyzer (VSA, Keysight N9042B). A photo of
the experimental setup is shown in Fig. 4. The transmitter
performance is first evaluated and then OTA experiments are
performed to investigate the digital beamforming single-user
MISO and MU-MIMO applications. In our measurements, the
modulation scheme is single carrier 64 quadrature amplitude
modulation (64-QAM).

In Table I, a list of the hardware used for the system has
been reported. All of them are commercially available.

In Table II, some technical specifications of QSFP28 module
used for the fiber connection are reported. QSFP28 module
supports a maximum fiber length of 100 m, but the length in
our implementation is limited to 10 m.

A. Power Levels

The output power limits the wireless transmission distance.
Therefore, we studied the power levels at different positions in
the transmitter lineup, see positions labeled A/B/C in Fig. 3.
The bandpower of the IF signal at position A is -11.6 dBm,
and it is the same for all the QSFP28 output channels. At
position B, the bandpower has dropped to -15.7 dBm, due to

TABLE II: Technical specifications of QSFP28 module.

Specification Description Specification Description
Wavelength 850 nm Connector MTOa-12

Media Multi-mode fiber Max fiber length 100 m
TX Type VCSELb Receiver Type PINc

TX Power -8.4 to 2.4 dBm Max Data Rate 4x25.78 Gbps
a Multifiber Termination Push-on/Pull-off.
b Vertical Cavity Surface Emitting Laser.
c Positive-Intrinsic-Negative photodiodes.

1 m
1 m

Fig. 4: The experimental setup used to demonstrate the pro-
posed link architecture. The transmitting (TX) linear array
antenna is placed at a 1 m distance from the receiving (RX)
antennas. The two RX antennas are separated by 0.5 m.
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the loss of 90° hybrid, SMA connector and coaxial cable. At
position C, the active mixer has a 15.2 dB gain, resulting in
-0.5 dBm inband output power for the mm-Wave signal. In
fact, the mixer can provide up to 18 dB gain at the price
of nonlinear impairments and then a severely degraded signal
quality. It is worth noting that the power mentioned above is
the average power. The peak power is 6.8 dB higher than the
average power due to the 64-QAM signal’s peak-to-average
power ratio (PAPR).

Connecting the output of the mixer with the VSA at full
span in spectrum analyzer mode, the output signal spectrum
corresponds to Fig. 5a. The spectrum shows the inband signal
with the quantization noise, the LO leakage and the lower
sideband in the spectrum. The inband signal is at least 20 dB
higher than the others. Fig. 5b shows the signal band power
and the adjacent channel power ratio (ACPR), corresponding
to - 0.5 dBm and 30.6 dBc, respectively. Fig. 5b has a sinu-
soidal peak at the right side of the signal spectrum for carrier
frequency offset synchronization in RX signal processing, as
described in Section II.A and II.D.
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Fig. 5: The output signal spectrum at position C of Fig. 3. (a)
The inband signal is at least 20 dB higher than the quantization
noise. (b) The signal band power and the adjacent channel
power ratio (ACPR).

B. Bandwidth Performance

In this section, we investigate how the performance of the
transmitter depends on the symbol rate.

The normalized mean square error (NMSE) is used to
estimate the signal quality. In Fig. 6, the bottom curve is
the simulation (Sim) results and it has been reported as
a benchmark for the measurements. With a fixed BPSDM
sample rate of 25 Gsps, the less oversampling ratio (or the
higher symbol rate) has the worse NMSE and the oversampling
rate varies from 250 to 31.5 as the symbol rate changes from
100 MHz to 800 MHz. In general, all the NMSE curves in
Fig. 6 match the trend of the simulated one. At 100 Msym/s
symbol rate, the NMSE in position C is degraded compared
to the ones at positions A and B. This slight difference is
caused by the noise contributions from the mixer and VSA.
At 700 Msym/s, the NMSE in positions A, B, and C is almost
identical. Before position A, the hardware is compact in design
and it is impossible to experimentally evaluate the signal
quality from each stage. However, based on the observations
in [13], the FPGA and optical transceivers both add noise
contributions that degrade the signal quality from the ideal
SDM coding to position A. At 800 Msym/s symbol rate, the
NMSE in position C is slightly worse than at positions A

100 200 300 400 500 600 700 800

Symbol rate (Msym/s)
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-40
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E

 (
d

B
)

A of Fig. 3 (2.2 GHz)
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C of Fig. 3 (28 GHz)

Sim

Fig. 6: Bandwidth performance analysis of the transmitter.
The NMSE for an ideal sigma-delta modulated simulation is
included as a reference (Sim). The NMSE results are measured
at the positions A, B, and C in Fig. 3.

and B again, due to bandwidth limitation imposed by the
90° hybrid used. In conclusion, the RRH does not introduce
critical performance degradation and this is in line with the
observations made in [13]. At 800 Msym/s symbol rate, the
ideal simulated performance is -28.9 dB, which is 5.4 dB
better than the measurements. This shows that our measured
performance is reasonably close to the simulation results,
considering the inevitable hardware limitations present. For
the symbol rate higher than 800 Msym/s, the system will be
limited by 1 GHz bandwidth of the 90° hybrid.

C. Fiber Link Coherence

Phase coherence is a crucial requirement in MIMO RoF sys-
tems [13] [14]. Link coherence has been evaluated according
with the setup shown in Fig. 7. The CU generates four identical
periodic bitstreams consisting of repeated eight ones and eight
zeros to the fiber link. Due to the relationship between link
data rate 25 Gbps and cyclic period, the frequency of the
periodic bitstreams is 1.5625 GHz as in (6).

fsin =
25 Gbps

8 + 8
= 1.5625 GHz. (6)
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Channel 2
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Fig. 7: The measurement setup used for fiber link coher-
ence measurements. The central unit generates and transmits
four identical sinusoidal signals to the four sub channels of
QSFP28. The oscilloscope samples the four sinusoidal signals
to determine their relative phase coherence.

The oscilloscope (RTO1044 Rohde & Schwarz) can sample
the four sinusoidal signals from the QSFP28 at 10 Gsps,
simultaneously. The coherence analysis numerically downcon-
verts the oscilloscope samples by the sinusoidal frequency and
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extracts the amplitude and phase from the samples. Fig. 8
reports the coherence of the four 1.5625 GHz sinusoidal sig-
nals by considering 1,000,000 oscilloscope samples. Firstly, in
Fig. 8a, we normalized the phase and amplitude of the channel
between the receiver and Channel 3. From the figure, we can
conclude that the amplitude and phase difference between the
channels is very stable. The amplitude difference is less than
0.3 dB between the channels. In theory, the four fiber sub-
channels are supposed to have a similar phase because the
fiber connection is only 10 m in length. However, there is a
phase difference of around 150° between channels 1&2 and
0&3. The phase difference in the measurements results from a
small difference in the length of the coaxial cable connections
between QSFP28 PCB board and the oscilloscope channels.
During measurements, we were not able to find four identical
cables and all of them have slightly different lengths. Secondly,
the phase difference in the measurement results is from our
customized QSFP28 PCB board, where the four transmission
lines have different electrical lengths.
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Fig. 8: The fiber link coherence of four channels of the
QSFP28. (a) Polar plot of link coherence for the four channels,
normalized to the phase and amplitude of Channel 3. (b)
Histogram of the normalized phase difference of all channels.

In order to summarize the overall phase coherency between
the channels, we further normalized each channel’s phase
information with the corresponding mean phase to summarize
all phase variations in the same histogram plot. Fig. 8b shows
that the phase difference within -2° to 2° centralized at 0°,
and the standard deviation of the phase difference is only 1.2°.
In conclusion, the results show that the proposed architecture
can provide a very stable and coherent transmission of four
channels from the CU to the RRH. In the next subsections, we
use this as a foundation for digital beamforming MISO and
MU-MIMO OTA transmission experiments.

The connection between CU QSFP28 and RRH QSFP28
is a 10 m long cable with multifiber termination push-on
(MTO-12) connectors at two ends. The cable includes twelve
fibers, four of which are used to transmit four data streams
in this implementation. They will have a constant slight phase
difference for the optical signal. During the following OTA
measurements, we are accounting for the total phase differ-
ences of the system by channel estimation and compensating
for this phase difference by precoding.

D. SISO and MISO Measurements

The RX antennas are separated by a distance of 1.0 m with
TX linear array antenna, as shown in Fig. 4. Channel 3 (TX)
and RX User 1 have been used for SISO OTA measurement.
For digital beamforming MISO measurements, there are two
steps of channel estimation and digital beamforming. In the
channel estimation step, we connect User 1 with LNA while
four channels of the RRH radiate pilot signals (1) using the
TX linear array antenna. In the digital beamforming step, we
perform the MISO measurement by precoding as described in
Section II.C.

Digital beamforming helps to compensate for the
propagation loss and it is dependent on estimated channel
information, as illustrated in Section II. Hence, channel
information stability is essential. The polar plot in Fig.
9a presents the channel coefficients from 208 repeated
OTA measurements, normalized to the phase and amplitude
of the channel between User 1 and Channel 3. The
normalized {amplitude, phase} channel information is
{−0.69 dB,−150◦} / {−0.69 dB, 45◦} / {−1.04 dB, 142◦}
for the remaining channels Channel 0/Channel 1/Channel 2,
respectively. The amplitude difference between the four
channels is only 1 dB, which can be explained by the fact
that the four elements of the TX antenna are mounted at the
same height as the RX User 1. We further normalized each
channel’s phase information with the corresponding mean
phase to summarize all phase variations in Fig. 9b, which
presents the phase variations of all channel coefficients.
Almost 62% of the phase variation is between -1° and 1°
with a maximum phase variation remaining within -2° to 2° .
In conclusion, this MISO demonstration promises precise
system stability.
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Fig. 9: The channel estimation results from 208 repeated
digital beamforming over-the-air MISO measurements. (a)
Polar plot of channel information for the four channels. (b)
Histogram of normalized phase variations obtained from the
channel information.

In Fig. 10, there are SISO and MISO OTA measurement re-
sults comparing the ideal simulation results (Sim) of BPSDM
and the TX performance (position C of Fig. 3). Due to the
propagation loss at 1 m distance, SISO OTA is noise limited
and therefore has the worst NMSE in Fig. 10. With all the TX
channels active (MISO), and applying the digital beamforming
precoding from (5) and (4), the NMSE is improved and
becomes close to the performance of the TX in position C.
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Fig. 10: Bandwidth performance analysis of over-the-air
(OTA) measurements. The NMSE for an ideal simulation
result (Sim) of sigma-delta modulation is included as a refer-
ence. One channel over-the-air measurement (SISO OTA (28
GHz)) is comparing with cabled connected measurement (C
of Fig .1 (28 GHz)) and OTA beamforming measurements
(MISO OTA (28 GHz)).

In Fig. 11a, the received inband power of SISO OTA
measurement is -8.1 dBm, while Fig. 11c shows that the
inband power has increased to 3.2 dBm when the MISO
digital beamforming is activated. It means that the MISO
digital beamforming improves the received signal power by
11.3 dB. Which is consistent with a four-channel beamforming
corresponding to a 12 dB (16 times) equivalent isotropically
radiated power (EIRP) increment. Accounting for channel
amplitude differences in reality, the power results in the
measurements agree well with the theoretical prediction. The
peak at the right of the inband power is used to track the
frequency offset during the demonstration, as described in
Section II.A and II.D.
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Fig. 11: The received band power (BandPwr), the adjacent
channel power ratio (ACPR), and the error vector magnitude
(EVM) at the receiver. The peak at the right of the band
power is used to track the frequency offset during the demon-
stration. (a) SISO over-the-air measurement. (b) SISO over-
the-air constellation. (c) Digital beamforming MISO over-the-
air measurement. (d) Digital beamforming MISO over-the-air
constellation.

When the MISO received inband power is 11.3 dB higher
than the SISO OTA inband power, the NMSE is only improved
by 5 dB. The MISO digital beamforming NMSE is limited by
the RRH performances since the yellow curve is close to the
blue curve in Fig. 10. The 6.3 dB = 11.3 dB− 5 dB power
gain can be used to reach a 2 m OTA distance (double distance)
without a significant performance degradation at 700 Msym/s
(4.2 Gbit/s with 64QAM).

E. MU-MIMO Measurements

In MU-MIMO, both RX antennas (users) are activated.
They have a separation of 0.5 m and represent two spatially
separated users served by the same TX linear array antenna.
The TX linear array antenna is placed at a distance of 1 m
from the RX antennas. By manually switching between the
two antennas, the use of a single LNA and VSA is permitted:
in the channel estimation step, after uploaded pilot signals to
RRH, we first connect User 1 with LNA, then connect User
2. To generate the polar plots of Fig. 12a/b, the estimated
channel information is normalized to the channel between
channel 3 and User 1/User 2. In Fig. 12c/d, each channel’s
phase information is normalized with the corresponding mean
phase, so that the histograms show the phase variations around
0°. The results from the channel estimation of User 1 are
presented in Fig. 12a/c, while the channel information of User
2 is presented in Fig. 12b/d. The histograms of phase variations
are always between -2° and 2°. It means that the channel
estimation is stable for MU-MIMO measurements.
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Fig. 12: The channel estimation results from 225 repeated MU-
MIMO over-the-air measurements. (a) Polar plot of channel
information between transmitter and User 1. (b) Polar plot
of channel information between transmitter and User 2. (c)
Histogram of normalized channel phase variations for User 1.
(d) Histogram of normalized channel phase variations for
User 2.
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TABLE III: Comparison with the state-of-the-art RoF publications.

Ref. RoF MIMO Symbol rate Modulation OTA distance Carrier frequency NMSE
[20] ARoF 1 × 1 1.96 Gsym/s 16-QAM OFDM 2.2 m 28 GHz -14 dBa

[33] ARoF 2 × 2 1 Gsym/s 64-QAM OFDM 10 m 28 GHz -24.3 dB
[23] ARoF 9 × 1 100 Msym/s 64-QAM OFDM 6.3 m 28 GHz -31.3 dB
[25] ARoF 2 × 2b 22 Gsym/s 16-QAM 0.2 m 140 GHz -14 dBa

[26] ARoF 2 × 1 3 Gsym/s 64-QAM 1.5 m 28 GHz -23 dB
[34] ARoF 8 × 1 3.5 Gsym/s 16-QAM 0.5 m 60 GHz -19.6 dB
[35] SDoF 2 × 1 160.32 Msym/s 64-QAM OFDM 2.0 m > 24 GHz -24.4 dB

This work SDoF 4 × 1 700 Msym/s 64-QAM 1.0 m 28 GHz -25.2 dB
This work SDoF 4 × 2 500 Msym/s 64-QAM 1.0 m 28 GHz -22 dB

a The paper reached the bit-error-rate (BER) limit corresponding to forward error corrections (FEC) with 25%
overhead. The NMSE requirement for this BER limit is 14 dB.

b This is only antenna configuration and does not have MIMO precoding.
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Fig. 13: NMSE results of MU-MIMO measurements. The
NMSE results of two users satisfy the 3GPP requirement
(dashed line).

At the ZF precoding evaluation step, the CU generates ZF
MU-MIMO data to the RRH, according to (3) and (4). The
receiver performs baseband signal demodulation for the signal
received by User 2, since User 2 is already connected with
LNA and VSA from the previous channel estimation step. By
switching User 1 to LNA again, the receiver does baseband
signal demodulation for the signal received by User 1. Re-
peating these procedures above, the symbol rate varies from
100 Msym/s to 500 Msym/s. The MU-MIMO NMSE results
are presented in Fig. 13. Both users of User 1 and User 2 can
satisfy the NMSE requirements of the 3GPP specifications [36]
for 64-QAM signal.

User 2 shows better NMSE than User 1, and the NMSE
results do not change even if we change the switching or-
der during measurements. This means that the limitation is
probably due to the position and radiation of RX/TX antennas
causing a difference in the effective signal power received [37].
With a greater symbol rate, the NMSE becomes worse. Firstly,
the worse NMSE is due to the bandwidth performance of the
RRH, as studied in section III.B. Secondly, this demonstra-
tion only includes one tap for each channel in the channel
estimation, which may be insufficient to represent the channel
frequency response for large bandwidths. Therefore, we will
study better channel estimation and precoding algorithms for
MIMO applications in our future work.

We have also studied inter-user interference of the MU-
MIMO measurements by comparing the error spectrum with
the received spectrum. The error spectrum is a frequency do-
main representation of the difference between the demodulated
constellation and the reference constellation for users. As the
spectrums in Fig. 14 show, the error spectrum is higher than
the out-of-band noise level of the received signal and has
a distinct frequency response. This can not be explained by
residual linear distortion of the received signal since a pow-
erful 40 taps equalizer had been applied. Nonlinear distortion
can also be excluded since there is no sign of out-of-band
distortion sidebands. Finally, residual phase noise is also not
visible in the demodulated constellation.

This means that the inband distortion is caused by inter-
user interference in the MU-MIMO transmission case. For
100 Msym/s, users have -28.9 dB/-32.1 dB inter-user inter-
ference which dominates the overall NMSE in MU-MIMO
transmission, as shown in Fig. 14a/b.
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Fig. 14: Interference of the over-the-air MU-MIMO measure-
ments at 100 Msym/s. (a) User 1’s interference; (b) User 2’s
interference.

IV. CONCLUSION

This paper proposes a mm-Wave SDoF transmitter imple-
mented with commercially available hardware. Digital beam-
forming MISO and MU-MIMO functionalities are evaluated
at a 1 m wireless distance with the transmitter. The digital
beamforming MISO measurement demonstrates a mm-Wave,
28 GHz, transmission of a 700 Msym/s 64QAM signal with
-25.2 dB NMSE by improving the inband power by 11.3 dB



JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. XX, NO. X, OCTOBER 2022 9

compared to a single channel transmission. The MU-MIMO
demonstrates the serving of two simultaneous users with a
500 Msym/s rate with a NMSE of -22 dB, which complies
with the 3GPP requirements.

It has been proven that the transmitter is very stable, making
it well suited for high-performance MIMO experiments. The
comparison with the state-of-the-art RoF publications reported
in Table III concludes that this work is the first mm-Wave
SDoF solution supporting multiple users. This demonstration
can form the basis for the mm-Wave active distributed antenna
system with stable coherence.
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