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ABSTRACT
This paper designs a digital passband precoder for an all-digital
underwater acoustic massive MIMO transmitter. Taking the advan-
tage of the low carrier frequency in the kilo-Hertz acoustic band,
the proposed design utilizes Digital Up Converters (DUC), digital
carrier modulators, digital amplitude controls, pulse width modula-
tors, and digital phase shifters to implement the passband precoder
in a hybrid beamforming (HBF) structure. In contrast to the existing
RF analog precoder, the proposed design offers 8-bit amplitude and
10-bit phase-shift control, which provides a high degree of free-
dom in the precoder design. In addition, this design eliminates the
digital to analog converters (DAC), analog local/RF oscillators, and
analog modulators which are often the most power hungry devices.
The proposed design is prototyped on a low-end FPGA XC7A100T.
The results show that the maximum resource utilization is around
60% for an array size of 128 and different sub-array configurations
yield similar low resource utilization and low power consumption.
The design is also tested on a Nexys 4-based underwater acoustic
transmitter with an array of 32 transducers.
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1 INTRODUCTION
The Massive Multiple-Input-Multiple-Output (MIMO) technology
[9] has been successfully adopted in the millimeter wave frequency
bands for emerging 5G/6G terrestrial wireless communication sys-
tems, thanks to its channel hardening effect and huge gains in both
spectrum efficiency and energy efficiency [10]. Practical massive
MIMO schemes are often implemented by the hybrid beamforming
(HBF) structure [10, 13, 14], as shown in Fig. 1, where the digital
baseband (BB) precoder maps the data streams of𝑈 users into𝑀
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sub-array groups. Denote𝑚, 𝑖 as the group index and sample in-
dex, respectively. The complex baseband digital signal 𝑥𝑚,𝑖 is first
converted into analog I and Q signals which are then modulated
on to the intermediate frequency (IF) via a local oscillator. The IF
chain outputs the analog modulated signal 𝑟𝑚,𝑖 which is split into
𝐾 RF branches of the passband analog precoders. Each analog RF
precoder consists of an analog phase shifter (PS) and a variable
gain amplifier (VGA) which compensates for amplitude distortion
caused by the analog PS. The precoded signals are then transmitted
by 𝑁 = 𝑀𝐾 antennas after the power amplifiers (PA).

Figure 1: Sub-array architecture (SA) of hybrid beamforming
(HBF) for RF massive MIMO base stations. DAC – digital to
analog converter, LPF – Low-pass filter, LO – Local Oscillator,
IF - Intermediate frequency, PS – phase shifter, VGA – Vari-
able gain amplifier, PA – Power amplifier.

The potential of massive MIMO scheme is very much desired
for underwater acoustic communication, because the severe mul-
tipath fading and the huge frequency-dependent signal attenua-
tion of acoustic communication channels result in very limited
usable frequency bands which are as low as 2 kHz - 200 kHz for
medium and short communication ranges. The limited spectrum
and energy resources have been the bottleneck even for point-to-
point communications, let alone acoustic networks with multiple
users. Therefore, utilizing massive MIMO for underwater acoustic
communication and networking has attracted strong interest in
recent years [1, 2, 5, 12, 15]. However, most of the work on the
topic remains as theoretical analysis [12], computer simulations
[1, 2], or receiver beamforming (instead of transmitter BF) [15]. The
only hardware implementation is based on the digital baseband
beamforming architecture [5] and it is unclear how the passband
modulation and system integration were implemented.
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The hardware implementation of acoustic massive MIMO trans-
mitter differs significantly from the RF precoder in several aspects.
First, the RF system defaults that the baseband precoder is in digital
form and the passband precoder is in analog form, because the IF
and RF frequencies are in Mega-Hertz or Giga-Hertz ranges which
is challenging to be implemented in digital forms. However, the
performance of the analog beamforming is limited, especially in
terms of fine tuning and null steering due to inaccurate control of
analog PS and the lack of amplitude adjustment [11]. In contrast,
underwater acoustic communication system uses low carrier fre-
quencies on the order of kHz, thus having significant advantages to
be implemented in full-digital form. Secondly, acoustic systems can
implement carrier modulator via a digital up converter (DUC) and
the modulated digital passband signals are usually converted into
pulse-width modulation (PWM) signals which then drive the PAs
and the acoustic transducers. As the acoustic transducer circuits are
low-pass filter in nature, it also eliminates Digital to Analog Con-
verters (DAC) often required by the IF chains. When the number of
sub-array groups is large, eliminating the DAC, the intermediate
frequency (IF) or carrier oscillator, and the analog modulator can
result in significant energy and cost savings in a massive MIMO
transmitter. Thirdly, fully digital passband precoding is easy to
control in the PS and no VGA is required after the phase shifters.

This paper implements a digital passband precoder with the
HBF structure for an all-digital underwater acoustic massive MIMO
transmitter by varying the duty cycle and time delay of the pass-
band PWM signals. The proposed design is prototyped on a low-end
Xilinx Field Programmable Field Array (FPGA) platform XC7A100T
which has up to 101K Logic Cells (LC), 240 DSP slices, and 4.86K
memory banks (270 × 18 Kb BRAMs). The results show that the
maximum resource utilization is around 60% for an array size of 128.
Different sub-array configurations yield similar low resource re-
quirement and low power consumption. An example of 32-element
massive MIMO passband precoder is tested on the Nexys 4 Artix-7
FPGA Trainer Board hosting XC7A100T. The utilization of various
resources is less than 15% of this low-end FPGA, making the design
easy to expand to larger MIMO sizes. The capability of the ampli-
tude adjustment and phase shift of the massive MIMO passband
precoder is verified in a real-time underwater acoustic transmitter
(UAT) with a carrier frequency of 115 kHz and a bandwidth of 34
kHz. The results show that different combinations of𝑀 and 𝐾 in
sub-array configurations result in similar resource usage and power
consumption.

The main contributions of this paper are summarized as follows:

• A digital passband precoder in an HBF structure is proposed
for underwater massive MIMO transmitter, which offers 8-
bit amplitude and 10-bit phase-shift control. In contrast, the
analog RF counterpart can achieve around 6-bit quantization
for phase shifter and no amplitude adjustment. The proposed
digital implementation provides a high degree of freedom
for the precoder design.

• The proposed digital passband precoder separates the ampli-
tude control and phase control to save hardware resources:
amplitude control is employed before the PWM module,

while the phase shift control is applied after the PWM mod-
ule, thus reducing the consumption of LUT (Look Up Tables)
and FF (Flip Flops).

• The proposed implementation on the FPGA platform has
the advantage of flexible configuration with different array
sizes and precoder designs. The resource utilization for an
128-element transmitter requires a small area and achieves
low power consumption.

2 SYSTEM MODEL OF MASSIVE MIMO
Consider a massive MIMO single carrier modulation (SCM) commu-
nication system with HBF structure supporting𝑈 users, as shown
in Fig. 2. The 𝑈 data streams are processed by a digital baseband
precoder and a passband precoder in the FPGA. The 𝑁 precoded
signals are sent out to the Front-end (FE) circuits to drive the class-
D power amplifiers (PA) in the form of PWM signals. The goal of
the massive MIMO transmitter is to allow different receivers to
receive their own data streams with minimum interference among
the𝑈 users.

Figure 2: SystemModel ofmassiveMIMOwith𝑁 -transmiting
antenneas and𝑈 -receiving users

In this work, we assume that linear precoding is designed for flat
fading channels. In the case of frequency selective channels, precod-
ing can be extended to per sub-carrier precoding using Frequency
Division Multiple Access (FDMA). Assume the channel matrix H
is known from the estimated CSI. The baseband digital precoder
matrix F𝐵 and passband digital precoder F𝑃 is obtained, normally
by a two-stage design [4, 14]. Therefore, the received symbol y𝑢 at
the 𝑢th user in the baseband equivalent model is denoted as

y𝑢 =
√
𝜌HF𝑃F𝐵s +w (1)

where s ∈ C𝑈 ×1 is the transmitted symbols of all users, F𝐵 ∈
C𝑀×𝑈 , F𝑃 ∈ C𝑁×𝑀 , H ∈ C𝑁𝑟 ×𝑁 , 𝑁𝑟 is the number of transducers
equipped on the user, 𝜌 is the average received power, and w is
the noise vector. The precoder F𝑃 and F𝐵 needs to meet the total
transmit power constraint: ∥ F𝑃F𝐵 ∥F≤ 𝑈 . Different from the
analog precoder in RF systems, the proposed digital precoder for
underwater massive MIMO has no amplitude constraints on the
passband precoder F𝑃 , whose matrix form is depicted in (2), where
p𝑖 = [𝑝 (𝑖−1)𝐾+1,𝑖 , 𝑝 (𝑖−1)𝐾+2,𝑖 , · · · , 𝑝𝑖𝐾,𝑖 ]𝑇 , 𝑖 = 1 · · ·𝑀 . The element
𝑝𝑘,𝑚 = 𝑣𝑚,𝑘 𝜙𝑚,𝑘 , where 𝑣𝑚,𝑘 and 𝜙𝑚,𝑘 are the amplitude and
the phase for the 𝑘𝑡ℎ branch in the𝑚𝑡ℎ group, respectively. This
all digital implementation of underwater massive MIMO precoder
alleviates the difficulties experienced in the RF precoder design [10]
due to strong constraints in analog precoder implementations.
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3 THE PROPOSED DIGITAL PASSBAND
PRECODER

The proposed digital passband precoder in the HBF structure is
shown in Fig. 3, where the data streams of 𝑈 users are first pro-
cessed by the digital baseband precoder which functions similar to
the RF massive MIMO counterpart in Fig. 1. The mapped𝑀 base-
band signals are digitally modulated by the𝑀 DUCs, respectively.
Each DUC output is then split into 𝐾 passband precoder branches
consisting of an amplitude control (AC) module, a PWM module,
and a digital PS. The resulting passband signals in terms of groups
of pulse train are transmitted through 𝑁 PAs and transducers. It is
worth noting that the VGAs required by analog precoders are re-
moved in the digital passband precoders as the digital phase shifters,
unlike the analog phase shifters, would keep the amplitude of the
passband signals unchanged so no VGA compensation is needed.

Figure 3: The proposed all-digital baseband and passband
precoders in the HBF structure.

In the DUC module, the baseband samples are interpolated at a
ratio of 𝑟𝑠 and then converted to the passband samples by multiply-
ing the digital carrier. To simplify the implementation, this paper
selects 𝑟𝑠 = 4 so that every carrier frequency is 𝑓𝑐 = 𝑓𝑠/𝑟𝑠 and both
the cos and sin components of the carrier are represented simply
by four values {0, 1, 0,−1}. Therefore, no multiplier is required for
the digital carrier modulator.

Utilizing PWM for signal generation was also found in [3, 8] for
RF MIMO systems. The proposed precoder differs from the imple-
mentation in [3, 8] is that the AC module is placed after the DUC
module to adjust the amplitude of the passband signal (or the duty
cycle of the PWM) while the structure in [3, 8] places a delta-sigma

modulator (DSM) before the DUC module to represent a baseband
signal. Besides, the proposed precoder implements the phase shift
by an 1-bit width block Random Access Memory (RAM) and a timer
for delaying the output of the PWM signal. This approach reduces
the amount of RAM resource needed in the phase shift.

The implementation details of the passband precoder are shown
in Fig. 4, where𝑚,𝑘, 𝑖 are the group, branch, and sample indexes,
respectively. Please note that the amplitude and phase shift are
separately controlled before the PWM module and after the PWM
module.

Denote 𝑟𝑚,𝑘,𝑖 as the samples of passband waveform duplicated
from the output of the 𝑚𝑡ℎ DUC module, 𝑣𝑚,𝑘 as the amplitude
weight for the 𝑘𝑡ℎ branch in the𝑚𝑡ℎ group. Therefore, 𝑑𝑚,𝑘,𝑖 is the
amplitude-weighted passband samples and −𝑄/2 ≤ 𝑑𝑚,𝑘,𝑖 ≤ 𝑄/2
with 𝑄 being the peak-to-peak amplitude of the precoded signal.
Adding 𝑄/2 to 𝑑𝑚,𝑘,𝑖 yields the level-shifted signal𝑤𝑚,𝑘,𝑖 which is
the input to the PWM module. The binary pulse train at the output
of the PWM module for all the passband samples are then stored
into a 1-bit wide block Random Access Memory (RAM). The phase
shift is realized by reading out all the binary pulse trains from the
block RAM at different time delay 𝑡𝑚,𝑘 .

Figure 4: The data processing in one passband chain of the
proposed digital passband precoder, where 𝑚,𝑘, 𝑖 are the
group index, branch index, and data sample index, respec-
tively.

To represent a passband sample with a binary pulse train, the
PWMmodule needs to work at a frequency of 𝑓𝑝𝑤𝑚 which is much
higher than the sampling frequency 𝑓𝑠 of the passband signals. The
maximum amplitude that can be represented by the PWM module
is

𝑄 = 𝑓𝑝𝑤𝑚/𝑓𝑠 (3)
Therefore, the resolution of the amplitude control𝐴𝐶𝑟 is limited by

𝐴𝐶𝑟 =
1
𝑄

=
1

𝑓𝑝𝑤𝑚

𝑓𝑠

=
𝑟𝑠 𝑓𝑐

𝑓𝑝𝑤𝑚
(4)

Several PWM implementations are discussed in [8]. In this work,
we adopted the intuitive and simple PWM implementation method,
where a comparator takes the input passband samples𝑤𝑚,𝑘,𝑖 and
compares it to a saw-tooth signal with a period of 1/𝑓𝑠 and an
amplitude increment from 0 to 𝑄 − 1. The comparator and the
PWM output 𝑝𝑚,𝑘,𝑖 are illustrated in Fig. 5. In every PWM period,
a counter starts from 0 and accumulates to the full range𝑄 to yield
the saw-tooth. The output is initially set to one and is toggled to
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zero at the trigger of the comparator output. At the end of the PWM
period, the output is set to 1 again ready for the next sample of the
passband signal.

Figure 5: The waveforms generated by the PWM and the
phase shifter.

Since the baseband signal has been modulated to the passband
signal after the DUC module, the amplitude weights needed in the
AC module are real numbers. Therefore, for one branch, only one
multiplier is required. The total number of multipliers needed in a
massive array system increases linearly with the total number of
branches in the digital passband precoder.

It is feasible to realize the phase shift on the 1-bit PWMwaveform
in FPGA. In this work, we use one 18k block RAM for each branch
that supports a large delay up to 16384/𝑓𝑝𝑤𝑚 second. The resolution
for the phase shift 𝜙𝑟 on the carrier frequency 𝑓𝑐 can be obtained
by

𝜙𝑟 =
2𝜋
𝑄 · 𝑟𝑠

=
2𝜋

𝑓𝑝𝑤𝑚

𝑓𝑠
· 𝑓𝑠
𝑓𝑐

=
2𝜋 𝑓𝑐
𝑓𝑝𝑤𝑚

(5)

4 SYNTHESIS AND PERFORMANCE RESULTS
The proposed digital passband precoder was implemented on the
Nexys 4 trainer board which has an Artix-7 FPGA (XC7A100T-
1CSG324C, 63,400 LUTs, 126,800 FFs, 270 18Kb BRAMs, 240DSP48Es).
The parameters used in the design are

• Array size 𝑁 = 𝑀𝐾 = 32, 64, and 128;
• transmitter carrier frequency 𝑓𝑐 = 115 kHz, DUC sampling
rate 𝑓𝑠 = 4𝑓𝑐 ;

• PWM clock frequency 𝑓𝑝𝑤𝑚 = 184 MHz, max amplitude
𝑄 = 400. Amplitude weight format Q1.7.

The implemented digital passband precoder was tested on a
test platform which includes a host PC, an all-digital underwater
acoustic transmitter (UAT) based on Nexys 4 FPGA board, Class-
D Power Amplifiers (PA), frequency Matching Circuit (MC), and
omnidirectional acoustic transducers [7]. The platform is shown in
Fig. 6, where only four channels are shown for good resolution.

A GUI running on the host PC loaded the information bits and
the configuration parameters through an USB to UART cable. The
UAT consists of a rate-1/2 non-systematic convolutional encoder,
a 32 × 32 block ping-pong interleaver, a bit to symbol mapper (M-
phase-shift keying), a pulse shaping filter, and a digital passband
precoder. The digital baseband precoder was a simple 1×𝑀 unitary

Figure 6: The test platform for the proposed digital passband
precoder.

vector converting the one data stream to𝑀 sub-array groups. The
resource utilization after place-and-route of the all-digital UAT for
different array sizes 𝑁 = 𝑀𝐾 = 32, 64, and 128 is listed in Table 1.

Table 1: Resource utilization FOR DIFFERENT ARRAY SIZE
N=32, 64, and 128

Resource M=2, K=16 M=4, K=16 M=8, K=16
BRAM (18k) 102 (37%) 135 (48%) 203 (72%)
DSP48E 34 (14%) 68 (30%) 136 (60%)
LUT 5652 (7%) 10126 (19%) 19022 (35%)
FF 5289 (4%) 9186 (8%) 16857 (15%)

Max. Freq. (MHz) 218.19 217.94 217.94
Power consumption 0.335 W 0.535 W 0.970 W

It is notable that 30% of the block BRAM was used by the base-
band signal processing as a large buffer was instantiated in this
design to support different modulation schemes, such as Frequency-
Hopped (FH) Binary Frequency Shift Keying (BFSK). Therefore, for
example, the passband precoder only used 7% of the BRAM for the
array size 𝑁 = 32. From Table 1, the achieved maximum frequency
of the design is about 218 MHz which is much higher than the
clock frequency of 184 MHz needed in the design. The maximum
resource utilization is the DSP48E, but it is still only about 60% of
this low-end FPGA for the array size of 128.

Besides,The detailed resource utilization for different sub-array
configurations of the array size 𝑁 = 32 was listed in Table 2. With
different 𝑀,𝐾 configurations, the resource utilization and power
consumption are similar as long as 𝑁 = 𝑀𝐾 remains the same.

An oscilloscope DSOX1204G was used to capture the PWM out-
puts from the all-digital UAT. Fig. 7 depicts the first four branches in
the first group. The amplitude adjustment on the passband samples
is shown in Fig. 7(a). The four waveforms from top to bottom repre-
sents the PWMoutputs of the first four branches with the amplitude
weights 𝑣1,1 = 1, 𝑣1,2 = 0.75, 𝑣1,3 = 0.5, and 𝑣1,2 = 0.25, respectively.
All branches had the same phase shift. Fig. 7(b) shows the Phase
shift of the first four channels with the same amplitude weight of 1,
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(a) (b) (c)

Figure 7: PWM outputs for the first 4 branches in the first group. (a) The weighted amplitudes. (b) phase-shifts. (c) The transmit
signals at one branch adjusted by different amplitude weights 𝑣𝑚,𝑘 in the AC

Table 2: Resource utilization of the UAT when 𝑓𝑐=115 kHz
and 𝑁 = 32

Resource M=1, K=32 M=2, K=16 M=4, K=8
BRAM (18k) 100 (37%) 102 (37%) 104 (39%)
DSP48E 33 (13%) 34 (14%) 36 (15%)
LUT 5750 (9%) 5652 (7%) 5847 (9%)
FF 5293 (4%) 5289 (4%) 5563 (4%)

Max. Freq. (MHz) 217.03 218.19 218.78
Power consumption 0.347 W 0.335 W 0.340 W

where the phase delays were set to 𝑡1,1 = 0, 𝑡1,2 = 22.5◦, 𝑡1,3 = 45◦,
and 𝑡1,4 = 90◦. The phase shifts were accurately achieved on the
hardware test points. Also the PWM amplitudes were maintained
without distortion.

In addition, the modulated transmit signals were tested with
the oscilloscope on the acoustic transducers, as shown in Fig. 7(c),
where the modulated signals of one branch exhibited different
amplitudes corresponding to the different amplitude weights set in
Fig. 7(a). To eliminate the effect caused by the amplification gain
difference among PAs, comparisons among different transducers
are omitted here. In practice, the difference in PA gains may be
eliminated by fine tuning the PA hardware or compensated through
the passband precoder.

5 CONCLUSION
This paper has proposed and implemented a digital passband pre-
coder for an all-digital acoustic underwater massive MIMO trans-
mitter. Benefiting from the kHz carrier frequency band of acoustic
communications, the proposed design utilizes the DUC for digi-
tal passband carrier modulation and uses the PWM to represent
the passband signal digitally. Thus, the proposed digital passband
precoder offers both the amplitude and phase shift control. The low-
pass filter nature of acoustic transducers also helps to eliminate the
power-hungry DACs commonly required in RF passband precoders.
The proposed digital passband precoder has been prototyped on a
Xilinx Nexys 4 Artix-7 FPGA trainer board. With an array size of
128 transducers, the implementation utilizes 60% of the resources
of this low-end platform. Future work will include performance
analysis in terms of spectral efficiency, precoder design according

to the channel conditions or simplified beam switching [6], and
experimental evaluation in the field.
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