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Tom tit—This paper investigates the theoretical per-
formance of multi-user systems using One-bit analog-
to-digital converters (ADCs). Through simulations with
varying user configurations (10, 40 and 200 users), we
observe that the uplink sum rate increases significantly
for smaller user groups but tends to stabilize as the
number of users grows due to multi-user interference.
As the number of base station antennas increases, the
system’s capacity to handle more users improves,
but the sum rate improvement slows down at higher
user densities. These results provide valuable
insights for optimizing system design in Multi-User
systems with One- bit ADCs, highlighting that finding
the right balance between user count and antenna
numbers is essential for achieving optimal uplink
sum-rate performance.

Tiw khoa—Multi-User System, One-bit ADC, Uplink
Achievable Rate

[. INTRODUCTION

In upcoming wireless networks like 5G and beyond,
Multi-User systems equipped with hundreds of anten-
nas are key to boosting spectral efficiency, improving
reliability, and reducing power usage [1], [2]. However,
the large number of antennas also brings significant
challenges in both RF and baseband signal processing
[3], [4]. A major issue is the high cost and power
consumption of ADCs and digital-to-analog converters
(DACs), which grow exponentially as the resolution of
these converters increases. To address this issue, low-
resolution ADCs, such as 1-bit or 2-bit converters, have
been proposed as an effective solution to significantly
cut down power consumption and reduce hardware
costs [5], [6], [7], [8].

As the shift toward 5G and anticipated 6G net-
works drives demand for high spectral efficiency, low-
resolution ADCs play a pivotal role in enabling Multi-
User Systems to meet performance and energy con-
straints at scale [9], [10]. Traditional high-resolution
ADCs introduce computational complexity and power
consumption challenges that grow nonlinearly with
each additional bit of resolution, which is particularly
problematic in scenarios with large antenna arrays.
Low-resolution ADCs, by contrast, offer a practi-
cal trade-off, enabling feasible implementations while
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meeting reasonable performance standards in multi-
user environments [10], [11].

Systems with low-resolution ADCs have been thor-
oughly analyzed from a theoretical perspective. Al-
though low-resolution ADCs introduce quantization
errors and affect the accuracy of channel estimation,
Xu et al. have shown that the addition of more receive
antennas helps to offset these issues, thereby main-
taining overall system performance [12]. A study by
Fan et al. [3] showed that increasing the number of
antennas could simultaneously reduce the degradation
resulting from ADC quantization and keep it energy
efficient. Others include learning-based methods [13]
and mixed-resolution ADC configurations [8] for fur-
ther performance improvement of the system, partic-
ularly in challenging environments where there is no
or limited CSI. It gives some promising directions that
can be helpful for making low-resolution ADC systems
useful in real deployment.

In previous research, we optimized the quantization
distortion of uniform scalar quantizers to improve the
achievable sum rate in multi-user systems utilizing
low-resolution ADCs, with a particular focus on 1-bit
ADC:s [14]. In this paper, we build upon that work by
solely examining the uplink sum rate across different
user counts and base station antenna configurations.
Our goal is to provide a more comprehensive under-
standing of how low-resolution ADCs affect uplink per-
formance and to identify optimal setups that maximize
the sum rate in multi-user environments.

II. SYSTEM MODEL

Consider an uplink communication scenario where
M users, each equipped with a single antenna, transmit
signals to a base station (BS) equipped with N an-
tennas. This configuration is commonly referred to as
a multi-user multiple-input multiple-output system, as
illustrated in Fig. 1. In this model, each user transmits
a symbol through a shared channel matrix G, which
characterizes the propagation conditions between each
user and each antenna at the BS. The channel model
for MU-Multi-User systems is described as follows:

y=+p.Gs+n
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where G € CN*M represents the channel matrix
between the users and the BS, s is the M x 1 vector
containing the symbols transmitted by the users, and
n ~ CN(0,I) is the complex Gaussian noise vector
with zero mean and unit variance. The received signal
vector, y € CV*1, aggregates the transmitted symbols
and is affected by channel and noise conditions, across
the BS antennas.

Each entry of G, denoted as g[n,m|, models the
combined effects of fast-fading and large-scale fading,
where g[n,m| represents the path gain from the m®
user to the n'™ antenna at the BS. Specifically, g[n, m]
includes both the fast-fading gain, h[n,m], and large-
scale effects, modeled by ¢[m], which capture path
loss and shadow fading. The fast-fading component,
hln,m], varies with user mobility and surrounding
environment, while ¢[m] is assumed constant over the
BS antenna array [3]. The channel coefficient h[n, m]
can be expressed as

¢[m], @

where h[n,m] represents the fast-fading gain from
the m™ user to the n'™ antenna at the BS, and ¢[m]
accounts for both geometric attenuation and shadow
fading, assumed to be constant across the antenna array
[3]. In matrix notation, this relationship is written as

gln,m] = h[n,m]

G =H®'/? 3)

where H is the N x M fast-fading matrix between the
users and the BS, and ® is an M x M diagonal matrix
with diagonal entries ¢[m].

ZrelN]

Zim[N]

Base Station (BS)

Hinh 1. Multi-User MIMO One-bit ADC Channel Model.

Upon receiving the signal, each BS antenna pro-
cesses it using a pair of one-bit ADCs. These ADCs
operate separately on the in-phase (real) and quadra-
ture (imaginary) components of the received signal,
represented by z,. and z;,,, respectively. Denote the
quantization operation by Q. The relationship between
the input and output of the one-bit ADC block is
expressed as

Yy = Q(zre) + jQ(Zi7n)7 (4)

where z,.. and z;,, are the real and imaginary parts
of the received signal z, respectively. The quantizer Q
operates independently on each component, converting
them to discrete levels that capture the primary signal
characteristics while introducing quantization noise.

In this work, we use the additive quantization noise
model (AQNM) for Multi-User systems with low-
resolution ADCs [15], where the quantization noise
as an additive distortion to the original signal. This
model allows us to account for quantization effects
without significantly complicating system analysis, as
it approximates the quantization noise as Gaussian
noise, whose variance depends on the signal power
and quantizer resolution. The relationship between the
input and output of the quantizer, as described in (4),
can be expressed as [3]

Yy = pz+ Wq, %)

where ¢ = 1— &k represents the performance efficiency
of the quantizer, x is the inverse of the signal-to-
quantization-distortion ratio (SQDR), and W denotes
the additive quantization noise. Here, x plays a critical
role in determining the quantization efficiency, as it
directly influences the amount of distortion introduced
by the quantizer. By minimizing s, the performance
metric ¢ improves, yielding a more accurate represen-
tation of the received signal, even under the constraints
of low-resolution ADCs.

Finally, the quantized signal vector is processed
using maximum-ratio combining (MRC). This tech-
nique maximizes the signal-to-noise ratio (SNR) by
coherently combining signals received across differ-
ent antennas, thus enhancing the system’s robustness
against noise and interference. The combined signal
yMEC can be expressed as

y" 1 = Gy, (6)

where G is the conjugate transpose of the channel
matrix G. The sum-rate approximation for the MU-
MIMO channel is given by [3]

M
R=Y log, (1 + p—“ﬂ’}w ha 1)), 7

m=1

where the term p,Z,,(IN + 1) represents the received
power of the m™ user across the N antennas at the
BS. This term is directly proportional to ¢, which
measures the performance quality of the quantizer—the
higher the value of ¢, the better the quantizer performs.
On the other hand, the term Z,, in (7), as defined in
(8), is a composite measure of inter-user interference,
quantization noise, and additive white Gaussian noise.

M M
i=1,2=m =1
(®)
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In terms of quantization distortion, a higher value of
o directly results in a reduction of the interference
term, Z,,. This implies that improving the quantizer’s
performance metric, ¢, will lead to an increase in
the achievable uplink sum-rate for any given ADC
resolution.

Building on previous research focused on optimizing
uniform quantizers for 1-bit ADC systems, this paper
adopts the optimized uniform quantizer discussed ear-
lier, which has shown significant performance improve-
ments, especially for low-resolution ADCs like the 1-
bit ADC [14], [11]. The selection of optimal truncation
limits for uniform scalar quantizers is crucial, as these
limits balance the overload and granular distortion
in low-resolution quantization, achieving higher accu-
racy and enhanced performance merit . The optimal
truncation limits for uniform scalar quantizers were
carefully chosen to balance overload and granular
distortion, resulting in an optimized performance merit
(. The optimized uniform quantizer dramatically im-
proves the performance of 1-bit ADC systems, achiev-
ing a performance merit ¢ = 0.6261, compared to the
0.1371 value of the conventional three-sigma quantizer
[14]. Such improvement in ¢ contributes directly to
increased sum-rate performance, especially in systems
where low-resolution ADCs are deployed to conserve
energy. This improvement leads to a higher uplink sum-
rate, making the optimized quantizer crucial for Multi-
User systems with low-resolution ADCs. While the
performance gap between the two quantizers narrows
at higher resolutions, 1-bit and 2-bit ADCs remain the
most energy-efficient.

With these findings, we now turn our attention to
the experimental evaluation, focusing on uplink sum-
rate across various numbers of users at base station
configurations for 1-bit optimized ADCs in Multi-User
systems.

III. SIMULATIONS AND RESULTS

We perform simulations to analyze the uplink sum-
rate for a hexagonal cell with a radius of R = 1000
meters. M users are randomly placed within the cell
using a uniform distribution, excluding a central zone
with a radius of r. = 100 meters. This exclusion zone
simulates realistic base station placement where users
are not located directly adjacent to the antenna array
[3], [16]. In this simulation, we vary the number of
users, setting M = 10, 40 and 200 to assess the uplink
sum-rate performance across different user densities.
Each user count is a subset of the next; specifically, the
placement of 10 users is retained within the setup for
40 users, and likewise, all 40 users are retained within
the setup for 200 users. This cumulative user placement
approach allows for a consistent basis of comparison
across different densities, as the same initial 10 and

40 users remain in their positions within the 200 users
scenario.

This layering of user groups provides insight into
how additional users contribute to interference and
impact sum-rate performance under the same base
layout. The details of user position distribution for all
setting M are illustrated in Fig. 2,3,4, respectively.
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Hinh 2. User placement for 10 users in the cell.
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Hinh 3. User placement for 40 users in the cell.

As described above, the simulations utilize 1-bit
ADC:s for signal quantization, simulating scenarios that
prioritize energy efficiency. The use of low-resolution
ADCs introduces quantization noise, modeled using
the additive quantization noise model (AQNM), which
treats quantization noise as an additive distortion based
on signal power and ADCs resolution. The large-scale
fading component Z,,, in (8) is modeled using a log-
normal distribution as follows:

I, =z, X (’"m) 9)

Tc
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Hinh 4. User placement for 200 users in the cell.

where 7, is the distance from the m*" user to the BS,
v is the path loss exponent, and 2,,, represents the log-
normal random variable with a standard deviation of
0. Same with the assumption made in [3], we assume
that the large-scale fading coefficient Z,,, as constant
once the m" user is placed within the cell. For all
the simulation, we assume o5 = 8 dB and path loss
exponent v = 3.8.
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Hinh 5. Uplink Sum-Rate for Various Numbers of Users

The results of the uplink sum-rate simulation are
presented in Fig. 5. At smaller users, M = 10, the
uplink sum-rate sees a significant boost as the number
of base station antennas () increases, benefiting from
the spatial diversity and improved signal-to-noise ratio
(SNR) provided by multiple antennas. This significant
boost reflects the system’s ability to leverage each
additional antenna to improve the spatial separation
of signals, reducing interference and enhancing overall
data throughput. However, As the user count increases
to M = 40 and M = 200, the improvement in sum-
rate slows down and eventually levels off. Importantly,
M = 200, there is little to no improvement beyond 40
base station antennas, resulting in almost flat curves.
This leveling off indicates that, at higher user densities,

the system reaches a saturation point where adding
more antennas no longer significantly enhances the
sum-rate.

This behavior can be explained by the inherent limi-
tations imposed by multi-user interference. With fewer
users, each user benefits significantly from the spatial
diversity and beamforming advantages that come with
an increased number of antennas, which help to isolate
and amplify individual user signals. In this low-density
scenario, the base station can spatially separate users
more effectively, making it possible to achieve higher
sum-rates as the number of antennas increases.

In contrast, for larger users, the base station’s spatial
multiplexing capability becomes a limiting factor. As
the number of users exceeds the number of spatial
paths that can be distinctly resolved by the base
station, multi-user interference grows. This interfer-
ence effectively reduces the marginal gain in sum-rate
achieved by adding more antennas, as the base station
struggles to spatially isolate all users simultaneously.
The uplink sum-rate thus reaches a threshold, beyond
which further increases in the number of antennas
yield negligible improvements due to the inability to
overcome the multi-user interference.

This phenomenon highlights a critical design trade-
off in multi-user systems with one-bit ADCs. While
one-bit ADCs provide a low-cost, energy-efficient so-
lution, their limited resolution increases the impact
of multi-user interference in high-density scenarios.
The decrease in performance as the number of users
increases underscores the spatial resource limitations
when serving a large number of users, particularly
when using low-resolution ADCs. Therefore, in high-
density environments, alternative strategies, such as
mixed-ADC architectures, may be necessary to main-
tain desirable sum-rate performance.

IV. CONCLUSIONS

In this study, we investigated the theoretial perfor-
mance of Multi-User systems using One-bit ADCs.
Our simulations results showed that with smaller user
(M = 10), significant improvements in the uplink sum-
rate can be achieved as the number of base station
antennas increases. However, as the user grows to 40
and 200, the sum-rate begins to level off, particularly
beyond 40 base station antennas, due to the increasing
impact of multi-user interference. This underscores the
complex of system design when deploying Multi-User
systems with low-resolution ADCs, especially One-bit
ADC. Further researchs will be essential to explore
how the system balances performance with energy
efficiency, as understanding the trade-offs between
sum-rate and power consumption will be critical for
optimizing future Multi-User systems using One-bit
ADCs.

TAP CHI KHOA HOC CONG NGHE THONG TIN VA TRUYEN THONG

62


ILC
Line

ILC
Typewriter
THEORETICAL PERFORMANCE ANALYSIS OF MULTI-USER SYSTEMS WITH ONE-BIT ADCs


Phong Ngoc Dao, Hung Ngoc Dang

TAI LIEU THAM KHAO

(1

(2]

(31

(4]

(51

(6]

(71

(8]

91

[10]

[11]

[12]

[13]

[14]

[15]

N

SO 01 (CS.01) 2025

K. B. Letaief, W. Chen, Y. Shi, J. Zhang, and Y. A. Zhang,
“The roadmap to 6G: Al empowered wireless networks,” IEEE
Communications Magazine, vol. 57, no. 8, pp. 84-90, Aug.
2019.

Z. Zhang, Y. Xiao, Z. Ma, M. Xiao, Z. Ding, X. Lei, G. K.
Karagiannidis, and P. Fan, “6G wireless networks: Vision,
requirements, architecture, and key technologies,” IEEE Ve-
hicular Technology Magazine, vol. 14, no. 3, pp. 28-41, Sep.
2019.

L. Fan, S. Jin, C. Wen, and H. Zhang, “Uplink achievable rate
for massive mimo systems with low-resolution ADC,” IEEE
Communications Letters, vol. 19, no. 12, pp. 2186-2189, Dec
2015.

W. Fukuda, T. Abiko, T. Nishimura, T. Ohgane, Y. Ogawa,
Y. Ohwatari, and Y. Kishiyama, “Low-complexity detection
based on belief propagation in a massive MIMO system,”
in Proc. IEEE Vehicular Technology Conference (VTC), June
2013, pp. 1-5.

C. Zhang, Y. Jing, Y. Huang, and X. You, “Massive MIMO
with ternary ADCs,” IEEE Signal Processing Letters, p. 1,
2020.

T. Liu, J. Tong, Q. Guo, J. Xi, Y. Yu, and Z. Xiao, “Energy
efficiency of massive MIMO systems with low-resolution adcs
and successive interference cancellation,” IEEE Transactions
on Wireless Communications, vol. 18, no. 8, pp. 3987-4002,
Aug. 2019.

J. Dai, J. Liu, J. Wang, J. Zhao, C. Cheng, and J. Wang,
“Achievable rates for full-duplex massive MIMO systems with
low-resolution ADCs/DACS,” IEEE Access, vol. 7, pp. 24 343—
24353, 2019.

L. V. Nguyen, D. T. Ngo, N. H. Tran, A. L. Swindlehurst, and
D. H. N. Nguyen, “Supervised and semi-supervised learning
for MIMO blind detection with low-resolution ADCs,” IEEE
Transactions on Wireless Communications, p. 1, 2020.

X. Hu, C. Zhong, X. Chen, W. Xu, H. Lin, and Z. Zhang,
“Cell-free massive mimo systems with low resolution adcs,”
IEEE Transactions on Communications, vol. 67, no. 10, pp.
6844-6857, 2019.

J. Zhang, J. Zhang, and B. Ai, “Cell-free massive mimo with
low-resolution adcs over spatially correlated channels,” in ICC
2020 - 2020 IEEE International Conference on Communica-
tions (ICC), 2020, pp. 1-7.

J. Zhang, L. Dai, S. Sun, and Z. Wang, “On the
spectral efficiency of massive mimo systems with low-
resolution adcs,” IEEE Communications Letters, vol. 20,
no. 5, p. 842-845, May 2016. [Online]. Available:
http://dx.doi.org/10.1109/LCOMM.2016.2535132

L. Xu, X. Lu, S. Jin, F. Gao, and Y. Zhu, “On the uplink
achievable rate of massive MIMO system with low-resolution
ADC and RF impairments,” [EEE Communications Letters,
vol. 23, no. 3, pp. 502-505, Mar. 2019.

S. Gao, P. Dong, Z. Pan, and G. Y. Li, “Deep learning based
channel estimation for massive MIMO with mixed-resolution
ADCs,” IEEE Communications Letters, vol. 23, no. 11, pp.
1989-1993, Nov. 2019.

H. N. Dang, T. V. Nguyen, and H. T. Nguyen, “Improve uplink
achievable rate for massive mimo systems with low-resolution
adcs,” in 2020 IEEE Eighth International Conference on Com-
munications and Electronics (ICCE), 2021, pp. 99-104.

M. Srinivasan and S. Kalyani, “Analysis of massive MIMO
with low-resolution ADC in nakagami- m fading,” IEEE Com-
munications Letters, vol. 23, no. 4, pp. 764-767, Apr. 2019.

[16] H. Q. Ngo, E. G. Larsson, and T. L. Marzetta, “Energy and
spectral efficiency of very large multiuser MIMO systems,”
IEEE Transactions on Communications, vol. 61, no. 4, pp.
1436-1449, Apr. 2013.

PHAN TICH HIEU SUAT LY THUYET CUA HE
THONG DA NGUOI DUNG VOI BO ADC MOT BIT

Tom tdt - Bai bdo nay nghién ciiu hiéu suit 1y thuyét
cua cdc h¢ thong da ngudi dung st dung bd chuyén
doi tuong tu sang so (ADC) mot bit. Thong qua cac
mo phéng véi cic cAu hinh ngudi ding khic nhau 10,
40 va 200 ngudi, chiing tdi quan sat thiy ring tong toc
dd truyén lén ting dang ké khi sb luong ngudi ding
nhd nhung c6 xu huéng &n dinh khi s6 lugng ngudi
dung ting 1én do 4nh hudng ctia nhiéu da ngudi ding.
Khi s6 lugng dAng-ten tai tram gdc ting 1én, kha ning
hé théng x{ 1y nhiéu ngudi ding hon dugc cai thién,
nhung su cai thién téc d6 tdng hop cham lai & mat do
ngudi ding cao. Nhiing két qui nay cung cip nhiing
hiéu biét c6 gid tri cho viéc thiét ké hé thong da ngudi
dung v6i bd ADC mdt bit, nhan manh rang viéc tim
ra su cAn bing hop 1y giia sb lugng ngudi dung va
s6 lugng dng-ten 1a rat can thiét d€ dat dudc hiéu suit
tong toc do truyén lén tdi uu.

Tir khéa - Hé thdong Pa Ngudi Dung, BoO ADC Mot
Bit, Téc do tong dudng 1én
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