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ABSTRACT

OVERSAMPLED DISTORTION-AWARE PRECODING WITH EFFICIENT
OOB RADIATION CONTROL FOR QUANTIZED MASSIVE MIMO AND
PERFORMANCE ANALYSIS

Yusuf Karabacakoglu,
M.S., Department of Electrical and Electronics Engineering

Supervisor: Assist. Prof. Dr. Gokhan Muzaffer Giivensen

August 2023, [56| pages

In this study, the nonlinear effects of the quantization due to low-resolution digital-
to-analog converters (DACs) will be investigated. Massive multiple-input multiple-
output (MIMO) systems have received significant attention in academia and industry
due to their remarkable advantages in terms of spectral and energy efficiency. How-
ever, the deployment of large number of antennas and circuitry required for generating
transmit signals at the base station (BS) can be expensive and power-consuming. To
address this, various studies in the literature proposes a practical solution by utiliz-
ing cheaper and power-efficient hardware, with a specific focus on the DACs used in
the RF chain. By employing a pair of low-resolution DACs at each antenna of the
massive MIMO array, both the cost and power consumption can be reduced, making
it favorable for such systems. However, the use of low-resolution DACs introduces
quantization distortion, which can severely affect system performance. To mitigate
this distortion, various quantized precoding algorithms have been proposed in the lit-
erature. This study presents an iterative distortion-aware precoder that works with
oversampling DACs, which have a sampling rate higher than the symbol rate, since

oversampling is an effective approach for reducing quantization distortion in massive



MIMO systems. We demonstrate that the precoder we propose outperforms the exist-
ing oversampling precoders of comparable computational complexity in the literature
by efficiently maximizing the in-band error-rate performance while minimizing out-
of-band emissions. Furthermore, we perform a performance analysis of the proposed
precoder and quantized zero-forcing (ZF) precoder for various scenarios, including

multiple base stations in adjacent channel bands and aliasing.

Keywords: Iterative precoder, quantization, 1-bit digital-to-analog converter (DAC),
massive MIMO, oversampling, upsampling, multi-bit, wideband, frequency-selective

channel, downlink, zero-forcing.
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0z

NICEMLEME VE ASIRI ORNEKLEME ALTINDA CALISABILEN
BOZULMAYA DUYARLI OOB EMISYON KONTROLLU BIR GENIS-BANT
KITLESEL MIMO ON-KODLAYICI VE PERFORMANS ANALIZI

Yusuf Karabacakoglu,
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Bolimii
Tez Yoneticisi: Dr. Ogr. Uyesi. Gokhan Muzaffer Giivensen

Agustos 2023 ,[56] sayfa

Bu calismada diisiik c¢oziiniirliiklii dijital-analog doniistiirticiilerin (DAC) dogrusal
olmayan etkileri arastirllmistir. Kitlesel coklu-girdili-coklu-ciktili (MIMO) sistem-
ler sahip olduklar1 spektral ve enerji verimliliginden dolay1 akademi ve endiistride
oldukca dikkat c¢ekiyor. Ancak, kitlesel MIMO’nun baz istasyonundan gonderilecek
sinyali iiretmesi i¢in ihtiya¢c duydugu yiiksek sayida anten ve elektronik devre ele-
manlar1 pahali olup, yiiksek gii¢ tiiketebilir. Bu sorunu pratik olarak ¢c6zmek icin daha
ucuz ve daha az gii¢ tiiketen elektronik komponent kullanimu literatiirde sik¢a goriil-
mektedir. Bunlardan 6zel olarak RF zincirindeki DAC’lara odaklanan calismalar var-
dir. Kitlesel MIMO dizisinde her antende diisiik ¢oziiniirliiklii DAC’larin kullanilma-
styla, maliyet ve gii¢ tiiketimi azaltilabilir. Ancak, diisiik ¢oziiniirlikli DAC’larin kul-
lanimi, nicemleme bozulmasin sistem performansini olumsuz etkileyebilen bir hale
getirir. Bu bozulmay1 azaltmak i¢in, literatiirde ¢esitli nicemlemeli 6n-kodlayici algo-
ritmalar1 Onerilmigtir. Bu ¢alisma, sembol oranindan daha yiiksek bir 6rnekleme hi-

zina sahip olan agir1 drneklemeli DAC ile ¢alisan, yinelemeli ve bozulma bilincine sa-
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hip 6n-kodlayiciy1 sunar, ¢iinkii iist 6rnekleme, kitlesel MIMO sistemlerinde nicem-
leme bozulmasim azaltmak icin etkili bir yaklagimdir. Onerdigimiz 6n-kodlayicinin,
literatiirdeki benzer hesaplama karmasikligina sahip mevcut agirt orneklemeli 6n-
kodlayicilardan daha iyi bir performans sergiledigini, iletim bandinda hata oranmi per-
formansini etkin bir sekilde maksimize ederken dig bant emisyonlari da minimize
ettigimizi gosteriyoruz. Ayrica, onerilen 6n-kodlayici ve nicemlemeli sifira zorlama
(ZF) i¢in, bitisik kanal bantlarinda ve katlanma gibi cesitli senaryolarda performans

analizini gerceklestiriyoruz.

Anahtar Kelimeler: yinelemeli 6n-kodlayici, nicemleme, 1-bit dijital-analog doniis-
tiriicii (DAC), kitlesel MIMO, asir1 6rnekleme, coklu-bit, genis bant, frekans segici

kanal, asag1 baglanti, sifira-zorlama.
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CHAPTER 1

INTRODUCTION

Massive multiple-input multiple-output (MIMO) systems have attracted significant
attention due to the remarkable advantages they provide regarding spectral and en-
ergy efficiency [1, 2]. Despite the advantages that massive MIMO systems offer,
there are a number of practical implementation difficulties due to the very large num-
ber of antennas in such systems. One difficulty is related to the very high power
consumption and cost associated with the data converters used in the RF chain of
the massive MIMO system [3, 4]. To overcome this bottleneck, utilization of low-
resolution digital-to-analog converters (DAC) with low power consumption and cost
in massive MIMO systems has been examined in various studies [3} 16, [7, 8, 9, 2,
10, 1114 12, 13, 14, 3, 15, 16, [17]. While low-resolution DACs have low power
consumption and cost, they introduce a significant distortion in the transmitted sig-
nal due to higher quantization noise. Although the distortion caused by quantiza-
tion noise can be reduced by increasing the number of antennas, the linear pre-
coders, such as zero-forcing (ZF) precoder, that are performing quite well for un-
quantized massive MIMO, can exhibit very inferior results with a high error-floor
performance [18, Fig.3] for quantized case. Therefore, various alternative precoders
are proposed for quantized massive MIMO showing improved performance under
quantization [5, 6, [7, 18, 9, 2, 110, 11, 12, 16, [17, 13} 14, 3, [15]. In spite of the
advantages provided by the proposed quantized precoders in terms of error-rate or
achievable rate performance, some of them do not employ the technique of tempo-
ral oversampling, which is an effective way to mitigate quantization noise [3l]. By
increasing the temporal oversampling rate to a rate higher than the symbol rate, we
benefit from spreading the quantization distortion to a larger bandwidth. This effec-

tively reduces the distortion in the transmission bandwidth where the intented signal



lies. Thus, not using the temporal oversampling limits the performance of the non-
oversampling quantized precoders proposed in various studies, some of which appear
in [5,16, 7, 18,19, 2]]. Therefore, quantized precoders that can work with oversampling
DACs [10, 114, 12} 1164 17, 113} 114} 13, [15] in massive MIMO systems have appeared
in a number of studies, achieving superior performance compared to the quantized
non-oversampling MIMO precoders. In this work, we propose an iterative quan-
tized precoder that is able to perform close to unquantized ideal precoders even under
heavy quantization and outperform the existing quantized oversampling precoders of
comparable complexity in the literature with respect to error-rate performance, while
being able to minimize out-of-band (OOB) emissions. In the following section, we
summarize the existing studies and discuss their weaknesses against the quantized

precoding algorithm we propose.

1.1 Related Works

To begin with, [10] proposes a precoding scheme that employs oversampling to en-
able error-free detection of data symbols in the absence of noise and interference.
However, a very important drawback of [[10] is that the required transmission band-
width is linearly increasing with the oversampling factor, e.g. 2 times oversampling
expands the transmission bandwidth 2 times, while the transmission bandwidth of the
precoder we propose does not change with the oversampling factor. On the contrary,
OOB emissions decrease with increased oversampling factors for the proposed pre-
coder in this work. Moreover, the precoder presented in [[10] is limited to flat-fading
channels, whereas the precoder we propose can work in frequency-selective chan-
nels. Similar bandwidth expansion and flat-fading channel requirements also exist in
the studies [11,[12]], which again employ temporal oversampling to enhance error-rate
performance. Temporal oversampling is also used in [13] to improve the performance
of the proposed MIMO precoder. However, the precoder in [13] is shown to work only
in flat-fading channels and requires a special type of data converter, namely sigma-
delta DACs, to be able to perform oversampling, whereas the DACs utilized in our
work are usual 1-bit DACs that are only able to quantize the in-phase and quadrature

parts of the signals to be transmitted. A recent study [15] also proposes a nonlinear
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quantized precoder with temporal oversampling capability. However, the precoder in
[LS]] requires solving a high dimensional optimization problem for each iteration of
the precoder, which results in a much higher complexity compared to the proposed
precoder in this work, as will be discussed in Chapter [3.4] In a more recent study,
the authors of [19]] propose a linear one-bit quantized oversampling precoder that
achieves superior performance in terms of error-rate compared to the existing works
under flat fading channel conditions. However, only a single step in a single iteration
[19, Eqn. 40] of the optimization problem to find the precoder matrix by finding the
dominant eigenvector of the covariance matrix associated with each user grows with
the cube of the number of antennas [20, 21]. As the number of antennas is typically
very large in massive MIMO systems, and the precoding matrix is found for every
channel realization in fast-time in [19]], the complexity of constructing the precoder
matrix can be tremendous. The study [22]] extends the precoder in [19] to multi-
bit quantizers and frequency selective channels, although the similar computationally
exhaustive steps also exist for the construction of the quantized precoder in [22].
Another study [[14] proposes a nonlinear precoder that can work with oversampling
DAC:s, thereby obtaining significantly improved error-rate performance. We discuss
that the precoder in [[14]] has a comparable complexity to the proposed precoder in this
work. The same study [[14] and its version for flat-fading channels [3] is also selected
as the main benchmark scheme in the recent studies [19] and [22], as [[14] is stated
to exhibit better performance than the linear quantized precoders [23} 24} 25, 26, 27],
and comparable performance to the non-linear quantized precoders in [28] 29, 30].
Therefore, due to its comparable complexity to proposed precoder in our work and
its superior and competent performance compared to existing quantized precoders,
we consider the precoder SQUID [14] as the main benchmark precoder. We also
benchmark the proposed precoder in this study with the oversampling ZF precoder
in [3, 16} [17], as a comparable complexity oversampling precoder. According to the
results we obtain, the proposed precoding algorithm significantly outperforms the
benchmark precoders in terms of error-rate and/or OOB emission performance. We
also show that the proposed precoder can achieve ideal unquantized ZF precoder per-

formance in many cases.

Although there are numerous studies targeting improved error-rate or achievable rate



performance for quantized MIMO precoding, the studies that also try to minimize
out-of-band emissions (OOB) while optimizing error-rate performance are relatively
limited. However, especially for very low-resolution quantizers, non-linearity can
result in very high OOB levels [3]. To cope with the resulting high OOB levels, em-
ploying an analog filter after DAC is one possible solution. Nonetheless, utilization
of an analog filter does not come without any drawbacks. To begin with, it breaks
off the orthogonality between the OFDM subcarriers. This can result in a significant
error-rate performance degradation. For example, up to about 5 dB SNR loss can
be observed due to analog filter utilization for one-bit quantized MIMO, as shown
in [31]. Additional BER degradation will also be observed due to insertion losses
and the noise figure introduced by the analog filter after DAC. Besides, if the filter
is selected as a small order filter, the stopband attennuation can be less than 10 dB
[32]]. Higher order filters can be employed for higher stop-band attennuation, but due
to the increased filter delay, the cyclic prefix length of the OFDM symbol should be
increased. This results in an increased overhead, thereby reducing the spectral effi-
ciency of the communication system. Therefore, there exists a number of studies that
try to limit the OOB emissions when low-resolution quantizers are utilized before any
analog filtering in a massive MIMO system [32, 31]. In [32], it is claimed that OOB
emissions can be lowered by 10 dB in a one-bit quantized massive MIMO system,
while the sum-rate is also maximized. However, the proposed technique requires non-
convex optimization of NV; /N variables, where NV, is the number of antennas and N,
is the OFDM symbol length. This means that the precoder in [32] is highly infeasible
in terms of computational complexity for massive MIMO systems, considering that
N; and N can be as large as 256 and 1024, respectively [2]]. Therefore, we exclude
this precoder in our benchmark schemes to achieve fair comparison grounds. In [31],
a digital pre-distorter is used to suppress OOB in low-resolution quantized MIMO
systems. The employed precoder is a linear ZF precoder, which we will demonstrate
to provide very inferior performance compared to the proposed precoder in this study.

The related works are also summarized as in Table



Table 1.1: Summary of related works

Reference Weaknesses Compared to IDAP/Comments
[10], [11], [12] Bandwidth expansion, flat-fading requirement
[13] Flat-fading and sigma-delta DAC requirement
[15], [19], [22], [32] High computational complexity

[23]-[27] Inferior performance than the benchmark [14]
[28]-[30] Comparable performance to the benchmark [14]
[3], [14], [16], [17], [31] | Selected as benchmark precoders

1.2 Contributions

The contribution items related to this work can be summarized as follows:

e We propose an iterative precoder for quantized downlink wideband massive
MIMO, named iterative distortion aware precoder (IDAP). We show that IDAP
is able to outperform the existing state-of-the-art quantized oversampling mas-

sive MIMO precoders of comparable complexity.

e IDAP can minimize the distortion in the desired band, thus maximize error-rate
performance, and jointly minimize the OOB emissions. If a certain portion of
OOB is known to interfere with another band, it is shown that IDAP can achieve
very low OOB levels for that portion of OOB, while maintaining competent

error-rate performance in the desired band (in-band).

e We make the performance analysis of downlink quantized MIMO for oversam-
pled precoders for both one and multi-bit quantizers. The proposed analysis is
able to take into account the effect of an interfering base station in an adjacent
band and provide accurate results. To the best of our knowledge, there is no
study that makes the performance analysis for quantized downlink MIMO with

oversampling under the effect of an interfering base station.

e The provided performance analysis is also able to take into account the effect
of aliasing and anti-aliasing filters, thus able to reflect the impact of interfering

base stations from frequency bands that are outside the sampling rate of the
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precoder and the receiver (outside the frequency region between —F}/2 and
F,/2, F being the sampling rate). To the best of our knowledge, there is no
study that considers the effect of aliasing in the performance analysis of massive
MIMO systems, although such analysis can be important as near-far effects can
result in high interference from adjacent frequency bands, which anti-aliasing

filters may not be able to tolerate.

e Our proposed analysis for linear quantized downlink MIMO precoder with
oversampling retains validity even without interference from adjacent bands.
This analysis is notably simpler than existing work [3], which involves large
matrix (as large as N;U x N,U, where N, and U are the number of transmit
antennas and users, respectively) inversions for precise results when overload
distortion is not negligible relative to granular distortion. Our approach offers
reduced complexity, only an inversion of U x U matrix. Moreover, even if
some approximations for small overload distortion are provided in [3], in order
not to take the inverse of such large matrices, the memory resources to hold
such matrices can be very high for large NV;, which is typical in massive MIMO

systems.

e We show that IDAP outperforms the benchmark precoders for many different
scenarios involving an interfering base station from an adjacent band whose

signal leaks to the in-band region due to aliasing.

1.3 Notation

a is scalar, a is column vector, A is matrix, A*, AT and A" represent the conjugate,
transpose and Hermitian of matrix A, respectively. a is in frequency domain and a
is in time domain. E[.] is expectation operator, R(.) and (.) are real and imaginary
operators with j = /—1. ||.|| is Euclidian norm. diag(A) is diagonal matrix whose
diagonal entries are same as A. Oy is O vector with size N x 1, Oy 1S a zero
matrix with size N x M and Iy is identity matrix with size N x N. [a] (m) Means

m'™ entry of vector a, and [A],, ,, means m" row n'" column entry of matrix A.

RMXN CMXN

and represents the set of real and complex vectors with size M x N,

respectively. @ is the standard normal cumulative distribution function (CDF), which
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2
is ®(a) = \/Lz? §* e dv. F and F' takes the Discrete Fourier Transform (DFT)
or inverse DFT (IDFT).

1.4 The Outline of the Thesis

The remainder of the thesis is organized as follows:

e Chapter 2] describes the system model used for downlink communication for
MU-MIMO setup where OFDM is employed. It describes the transmitter and

the receiver as well as the quantization model, and the channel model.

e In Chapter 3] the derivation of the proposed precoder, known as IDAP, is pre-
sented in the frequency domain. This derivation takes into account the effects

of quantization and the interfering BS.

e Chapter[3.4]focuses on the computational complexity analysis of the IDAP pre-

coder and compares it with other precoders to assess its efficiency.

o Chapter {4 contains the derivation of the SINR expressions of IDAP and quan-

tized ZF to analyze their performance.

e Chapter [5] demonstrates the performance of the IDAP by comparing it with
other benchmark precoders using Monte Carlo simulations to look at error-rate

and OOB emissions.

e Chapter [6] concludes the thesis by providing a concise summary of the key

findings and their implications.






CHAPTER 2

SYSTEM MODEL

This chapter delves into the discussion of the transmitter and receiver models for the
downlink wireless communication system. The focus is on a scenario involving two
base stations (BS) that cater to their respective users, but face potential interference
due to factors such as proximity to the cell edge or the near-far effect. To facilitate
the derivation, we initially consider a scenario where a single BS serves its users, and
subsequently introduce the second BS to the analysis. The study considers an urban
environment where multipath fading occurs, with the presence or absence of a line-of-
sight (LOS) component. When there is no LOS component, the channel is modeled
as experiencing Rayleigh fading, whereas when a LOS component is present, the
channel is modeled as undergoing Rician fading. Notably, the transmitter employs
a finite-bit DAC, leading to quantization of its signal, while the receiver does not
employ quantization. Receiver decodes the received signal at receiver sampling rate
by employing nearest neighborhood detection after scaling the constellation to unit

power. Receiver doesn’t employ any advanced decoding techniques.

2.1 Multi-Carrier Downlink Transmission

This study considers downlink OFDM transmission for a wideband massive MIMO

systerrﬂ In this system, U single-antenna users communicate with a base station,

1 Massive MIMO is choosed because number of transmit antennas must be notably larger than receiver

antennas. The need for that is due to the quantization of the transmit signal from each antenna element. OFDM
signal in time-domain looks like Gaussian signal realization due to Central-Limit-Theorem, which indicates that it
contains many different amplitude levels in time domain; therefore, quantization heavily distorts it. Unless a large
number of quantized signals are combined at the receiver side, there is no way to recover the OFDM signal. By
addition of many quantized signals that passes from different channels, we are able to recover the OFDM signal,
and detect the transmitted bits based on that.



equipped with N; RF chains and antennas. For OFDM with K active subcarriers,
oversampled message signal generated in frequency domain, namely a;, € CYV*!, can

be written as

ala? ... all" ifkeS,,
ay, = Lok @i 3 2.1)
Oy ikaSo,

where k is the frequency index, S, = {0,1,...., K/2 — 1, uK — K/2, u K — K/2 +
1,..., K — 1} is the set of active (occupied) subcarriers, S, = {0, ..., u K — 1}\S,
is the set of inactive subcarriers, and u is the oversampling factor (F;, = uKA, ,
where A, is subcarrier-spacing). For the occupied subcarriers, F [|a¥|?] = 1, Vu.
Modulation symbols a;, (e.g. QAM), pass through precoding function ¢(.) to obtain

x; € CNt*1 as follows:
T
xy = |z} 2} a;fft] =d¢(ag), k=0,...,uK — 1. (2.2)

The signal x;, is converted to time domain with IDFT F~! to form X,, whose u'" entry

can be found as

pK—1

j2mkn
2 xpe rE | Vn, (2.3)
k=0

~u
X, =

Fa) - <

where 7 is the time index. Then, X,, is fed to DACs to form quantized signal y,,. The

frequency domain counter-part of ¥,,, namely y; € CV*!, can be represented as

vi= kvt . o] = Flo (FHx)}, (2.4)

where 1(.) represents the nonlinear DAC operation.

2.2 Frequency-Selective Quantized Massive MIMO Channel Model

This section aims to present our quantization model for a finite bit DAC, followed by

a comprehensive discussion of the channel model.
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2.2.1 Nonlinearity Model for Finite Resolution DAC

We are utilizing a uniform mid-rise quantizer in our study, where the quantizer oper-
ates separately on the real and imaginary components of the input signal. The set of
possible quantizer’s output values is © = {{y, (1, ..., {11} where L = 27 represents
the number of possible real output values of the quantizer, and ¢ is the number of
DAC bits. The quantization thresholds are represented by the set B = {by, b1, ..., by},
where —o0 = by < by < ... < by, = 0. We denote quantizer function as Q(.), which
maps from the function space RV**! — @Y1 The m! element of the quantizer

output, for an input x € RV**1, denoted as [Q(x)] (m)> 18 expressed as

where i € {0,1, ..., L — 1}. Using this notation, we describe the operation of the DAC
function 1(.) for a complex input x € CV*! as ¢)(x) = Q (R(x)) + 7 Q (I(x)).
Furthermore, for the uniform mid-rise quantizer, the output values are chosen as ¢; =
A — % + %), i =0,1,..., L—1, and the threshold values are b; = A(i — %), i =
1,2, ..., L — 1, A being the quantizer step size. Moreover, X, is scaled by ¢, such that
L%K Z’k‘fg "||xx||* = MV, to ensure unit variance DAC input. This scaling is necessary
since A will be adjusted assuming a unit-variance DAC input. To ensure that clipping

is negligable, which will be important for the validity of the Bussgang gain matrix

calculations which will be discussed in the following chapter, we adjust A as follows:

o 2AAclip

A
L Y

(2.6)

where the clipping amplitude A, is defined as Ay, = A/1/2 (1 — ®~1(P./2)), with
P, being the desired clipping probability, and ®~! representing the inverse CDF
of the standard normal distribution ﬂ Subsequently, the DAC outputs are multi-
plied by ¢, to ensure that y; satisfies the desired average output power constraint
of ,%K SHE |lykl[? = N, Therefore, with input and output power scaling, (2.4) can

be rewritten as

vi = F {¢ (F{x})} k=0,...,uK — 1. (2.7)

2 Tt is assumed that the DAC input follows a Gaussian distribution, which is a reasonable assumption for a
time-domain OFDM signal due to the Central Limit Theorem.

11



2.2.2 Downlink MIMO Channel Model

Discarding the cyclic prefix, the received signal model in the frequency domain can

be expressed as

rkz[r,iri... rg]T.k:zQ...,,ucK—l. (2.8)

This notation allows us to represent r as

P
r, = -7:{2 U(p)Hf}N’(n—p)} +vp = QY vk k=0, u K — 1, (29)
p=0

where P represents the channel length, Pvlf e CU*M ig the time-domain downlink
channel matrix associated with the p'* tap of the multipath channel, and o(p)2 de-
notes the channel power-delay profile (PDP). Here, %FS is a sampling rate, that can
be much higher than the receiver sampling rate F, which will be important for in-
corporation of aliasing effects from subsequent channel bands ﬂ In Equation (2.9),
Vi is the upsampled version of the y;, by a factor of s/, obtained by padding the

necessary amount of zeros as follows:

Y& = up(Yr, He/1t) (2.10)

= [YO Y1 .- Yuk/2—1 ONtxucK—uK YuK—pK/2 YuK—pK/2+1 --- yMK—1]>
where up(., k) is the usual upsampling operation as defined in (2.10). Channel matrix
QI is constructed for k = 0, ..., u. K — 1 from its time-domain counterpart H by

taking its ;. /K point DFT. The channel matrix H,, can be written as
H,=[hlh? .. W], n=0,. puK-1 (2.11)

The columns of channel matrix, namely h', can be modeled with a circularly symmet-
ric complex Gaussian (CSCG) distribution with mean my. = E[h!], and covariance
Chu = E[h%(h¥)”] for the n'" channel tap associated with u/" user, which can be
determined as [2]], [33]]

Che = f o (0)v(0)v () db. (2.12)

—T

3 Tt is worth noting that the introduction of ;.. may seem irrelevant at this point, but its importance will be
clear when we introduce a 2% base station (BS) in the subsequent parts

12



Here, 0“(0) represents the angular power-delay profile of the n'* channel tap of
user u, and v(#) is the steering vector of the antenna array. Without loss of gen-
erality, for a uniform linear array (ULA) with half-wavelength antenna separation,
v(0) = [1;€; . ej(Nt_l)o]T, where 6 = 7sin(y), and ¢ being the angle of arrival.
Assuming a uniform power distribution between ¢;; ; and 0}, 5, Cu can be approxi-

mated for ULA and half-wavelength antenna separation as [2, [34]]

Chy ~ v(kg,)v(ry,) " ©D(14.,), (2.13)

where © represents the Hadamard product, ry , = (05, + 05 5)/2, 75, = |01 — 011 o],
and [D(6)]

the mean arriving angle ¢, and angular spread ¢ as 0

= sinc((m — 1)0/(2m)), in which ¢ and 0}, , is calculated using

m,l)

n
u,l

= 7sin(el — <'/2) and
0y, = msin(¢} + ¢/2). Furthermore, the mean vector can be found as my. =
VTV (rg,,) [33], where r; represents the Rician factor which is calculated from the
ratio of the line-of-sight (LoS) path power compared to the total power of non-LoS
paths. In general, since the users and scatterers arising from distinct clusters, which
correspond to different channel taps, are typically separated by multiple wavelengths
in space, it is possible to consider the channels of different users and channel taps as
statistically independent [[33]]. Here, the channel PDP satisfies Zi:o O'(QP) = 1/(1+7y).

The elements of the thermal noise v;, are i.i.d. zero-mean CSCG random variables

with variance V,.
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CHAPTER 3

FREQUENCY-DEPENDENT NONLINEAR PRECODING: ITERATIVE
DISTORTION AWARE PRECODER (IDAP)

In this chapter, we will derive the proposed precoder called IDAP. We will begin by
defining an error (27y;, — a;) as the discrepancy between the error-free received
signal Qf y;. and the message signal ay,. Our objective is to minimize this error, aim-
ing to achieve similarity between the received signal and the message signal. This
similarity enables a basic nearest neighborhood decoder to determine the transmit-
ted symbol. To achieve this goal, we employ Bussgang decomposition which can be
used to linearize a nonlinear system in terms of its input and output while adding an
uncorrelated noise term. Thus, the relationship between the precoded signal x; and
the output of the DAC y,. can be linearly defined. By utilizing Bussgang decompo-
sition, we can obtain an iterative least-squares solution that considers the impact of
quantization distortion. Through this process, we aim to effectively reduce the error.
Then, we extend the precoder to effectively reduce the OOB emissions, where it hits
the neighboring BS’s users, called victim users. Finally, we present our algorithm and

provide a block diagram illustrating the implementation of IDAP.

3.1 Bussgang Aided Problem Formulation

We want the noise free part of the received signal rj to be as close to message sig-
nal a; as possible, thus we will try to solve the following minimization problem by

designing a proper precoder to calculate x;,

nK—1

min Z Hﬂfyk—akHQ, (3.1
{x1} o
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~ H
where the channel at the receiver sampling rate Q' = Q, for k € {0, ..., uk /2 — 1},

and QF = ﬁkHJr(“c_M)K for k € {uK/2,...,uKK — 1}. Also, {x;} in the minimization

indicates that minimization is done for whole sequence meaning x;, Vk. The relation

between y, and x; is described by (2.7)), so our expression to minimize becomes

nK—1

min Y || e, F {v (Fxi})} —ai|”. (32)

{xx} im0

It is hard to solve (3.2), owing to the nonlinear ¢(.) and the fact that the size of
xy, 1s large. Therefore, we resort to Bussgang Decomposition [35]], decomposing a
nonlinear system output into a linear function of the system input and a distortion

term uncorrelated with input as
Yie = AXy + 1y, (3.3)

where A € CNe*Nt denoted as Bussgang gain representing the linear part, whose
specific selection makes the distortion 77, term uncorrelated with the DAC input. We
will detail the selection of A subsequently, although we leave it as a general matrix at
this stage. The equation in (3.3)), is derived by assuming that DACs introduce a mem-
oryless and time-invariant nonlinearity, and that the relationship between the DAC
input X,, and output y,, in time-domain can be represented with a diagonal matrix A,
which is valid for a stationary scenario and scalar quantization. The Fourier trans-
form preserves linearity, so the frequency-domain A is the same as its time-domain

counterpart. By using Bussgang decomposition, the problem in (3.2)) becomes

nK—1

min Y ||QF (Axy + ny{xi}) — al[, (3.4)
b 12

where 1), {x;} is written to show the dependency of instantaneous 7, to the sequence
of {x;}, although they are statistically uncorrelated due to Bussgang decomposition.
Moreover, this minimization can be decoupled for each frequency bin, since the sum-
mation in (3.4) is minimized when each term is minimized separately, so x;’s for
different k£’s do not affect each other given nk{xk}ﬂ Therefore, the minimization

problem in (3.4) is equivalent to the following problem given 1, {x} as

1 We construct the minimization problem in the frequency domain to make variables uncorrelated, because if
it would be constructed in time domain due to correlation the matrix size of the Bussgang gain matrix would be
huge, which requires much more memory and computationally more costly to take inverse.
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min | (Axy + 1)) - arl|” vk, (3.5)
Xk

which tries to make the received signal ry, as close to a;, as possible in the occupied in-
band subcarriers S, where a;, is non-zero. Moreover, it also tries to make r;. close to
Oy for the unoccupied OOB subcarriers S,, where ay, is zero. This facilitates reduced

OOB emissions.

3.2 Nonlinear Frequency Domain Oversampled Precoding with Iterative Dis-

tortion Feedback

The difficulty with the problem in (3.5)) is the fact that 1, {x;} depends on the se-
quence of xy, thus it is not a fixed entity. To address this issue, we observe that if
1 {Xx} value was fixed and known, the solution for x;, in (3.5)) could easily be found.

That leads us to write an iterative solution as

x) = AV @ ACIA 0y e -0V, G6)

.

2w (@)
_vvkZ

)

where the superscript (7) is the iteration index and ng_l represents 7 k{x,(f_l) }. Note

also that A matrices in (3.6)) are placed with a superscript as A(?), meaning that the
Bussgang gain matrices are also updated at each iteration. The reason for this update
and how A ()’s will be calculated will be explained in the subsequent parts. However,
x,(f) in 1| may not satisfy the average power constraint ;%K o Hx,(f) |2 = N; for
the DAC input vector. Therefore, we add a DAC input power scaling W to as

follows¥]

; . ; OQH (i-1)
X = W — =l 3.7)

)

Here, for £ € S,, xg aims to minimize the error-vector-magnitude (EVM) of the

received data symbols by minimizing the discrepancy between the received signal

r; and the message signal a;. On the other hand, for k € S,, x,(f)

the distortion signal 17,(;71) at the receiver side, leading to reduced OOB emissions.

aims to mitigate

However, minimizing OOB emissions only at the position of our own user may not

2 Division by Y for QHF n(ki_l) in li is necessary to cancel out distortion in the receiver side, which we
will show in the subsequent parts.
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be meaningful. Instead, our objective can be to suppress OOB emissions in areas
where our signal may interfere with victim users served by a different base-station
(BS), as illustrated in Fig. Different base-stations are denoted as B.S| and B.Ss
in Fig. each having N, transmit antennas, serving user group U E'! with U and
user group U E? with U’ users, respectively. The channels from BS,; to UE!, BS,
to UE?, BS, to UE" and BS, to UE? are denoted as 2}, ﬁkH, KkH and A7, re-
spectively. To cancel the distortion at the victim user side, we can modify such
that the interference channel between BS; and U E?, namely ﬁkH e CU'™"*Ne_ is taken
into account. This modification aims to cancel the distortion in the victim users’ side.
Furthermore, it may not be necessary to cancel the distortion signal for all OOB sub-
carriers, reducing it in specific overlapping OOB subcarriers can be sufﬁcienlﬂ We

denote these overlapping subcarriers as S,,. Accordingly, (3.7) can be reformulated

as follows:
) . (i—l)
AW ay — —Qi?fl) | ifked,,
i) . Dxxr (i) Fr Y :
X;C) = Q’)(ak) — —C;)W’(ﬂ)—nk(?,kl) lfk € Sova (38)
O if k € S,\So0,
where

o JACYTQUOQIACYAEY 0 ifke S,
W T aen g, @ A A G2
AT @) AFVAEDTQ) Y ifkeS,,

In (3.9), at non-overlapping OOB subcarriers that is outside of S,,,, we treated the
channel in (3.5)) as all zeros to ignore that OOB region which gives us the solution

X, = Opy. For the first iteration (¢ = 1), to find x,(cl), we need to know n,(co), which can

be initialized as 77,20) = Op,. For the following iterations, n,(f) is estimated by using

(.3 as
) =y - AV — o, F {y (FUx")) |- A0 G0
This process of calculating x,(f) then updating 77,(;) continues until a desired number

of iterations are performed. If the variables in the final iteration is denoted by the

3 Here, notice that the precoder suppresses the OOB emissions only at the specific user locations e.g. it
doesn’t suppress OOB everywhere. Suppressing OOB everywhere means that we have removed all the quanti-
zation distortion (OOB is present due to only distortion). What this implies is that at the DAC output we should
observe original OFDM signal e.g. without clipping. This is impossible, since we are employing a finite-bit DAC.
Therefore, removing/suppressing OOB emission means removing it from specific locations, and distributing it on
every other location.
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Figure 3.1: Downlink Scenario with 2 BS and Precoding Structure

superscript *), focusing on subcarriers k € S,, and assuming o converged to o

the final output of the precoder x;, ) becomes
-1
x = A0, (Q{j A(*)A(*)Hﬂk> [ (ay, — Qfin* ] . G.11)

This x\* is fed to DAC that outputs y*) = A®x{* 4+ 5, After passing through the

channel, the noise-free received signal r;, € CV*! can be represented as

vy = Q[ = ff [A©x + |
—1
- AWAD o (QFAWAD Q) |y - Q|+ fn, (G.12)

= Wa, + QF [nk - 77,(:‘)] ~ cMay,.

The approximation in the last line of (3.12)) is accurate when the distortion estimate
ngk) converges to the true distortion term 7),. In that case, the received signal is just
a scalar multiple of the transmitted data symbols without any distortion. The scalar
multiple can be canceled with a simple automatic gain control (AGC) operation at the
receiver side. Also, for overlapping subcarriers k € S,,,, expression in implies
that received signal will be close to Oy since ay is Oy for overlapping subcarriers,

resulting in reduced OOB emissions.

4 Empirically we observed that et converges after a few iterations.
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3.3 Bussgang Decomposition for Feedforward Precoding

Bussgang gain matrix A% can be written as [5]

29-1

) A : 2 ;
AD = D2 Giag(C, )05 —A? (n = 2971)" diag(C, ) ! 3.13
U ding(C) 00 3 exp (= (n = 207" ding(C) 1), 13

where ¢ is the number of bits as defined before, ¢, is the DAC output scaling and
Cx? is the auto-covariance matrix of the DAC input signal at the ' iteration of
the precoder. Matrix C,¥) cannot easily be found analytically as X,(f) contains both
a; and n,(f_l), which are correlate To obtain a tractable analytical expression for
A we assumed that received distortion power is negligible, which is an accurate
assumption if the distortion power gets smaller with each iteration of the proposed

distortion cancellation algorithm. This makes

N2
i (Cg)) i iy H
) ~ (—K S wPwP (3.14)

L keS,

which can be used in (3.13)) to find A, The algorithm flow of IDAP is summarized
in Alg. 1. The block diagram of IDAP is shown on Fig. [3.1b]

3.4 COMPUTATIONAL COMPLEXITY AND BENCHMARK SELECTION

Regarding the computational complexity of IDAP, we focus on per-iteration complex-
ity, as it constitutes the main item in the total computational complexity. Moreover,
it will be seen in Chapter [3] that the necessary number of iterations for IDAP to con-
verge is about 20 for many cases. The complexity per-iteration is mainly determined
by the calculation of the precoder in line 11 and 15 of Algorithm 1, which result
in a total complexity of O(U2N,K’) + O(U?K’), where K’ = K + |S,,|. This is

equal to the complexity of the linear ZF precoder per subcarrier. Therefore, we can

® Bussgang makes X, and 77, uncorrelated. Since they are zero-mean, E [xknf ] = On,xn;. Moreover, as
Xy = Bray — Fyn,,, where By, = ¢, Wy, F, = W, Qf (assuming ¢, is converged) from , it follows that
E[xiny| = E[(Brar — Finy,) ni' | = On,xn, which makes E [arn)] # 0 implying that a; and n,, are
correlated.

5¢4 is used to control the convergence rate in the close-loop structure of IDAP. From empirical observations,

it is observed that optimal ¢4 maximizing the error-rate performance of IDAP depends essentially only on ¢, and

can be found offline.
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Algorithm 1 IDAP

1: Initialization

2: nl(co) = ONt

36 =1

4: for Vk € S, do

s WO — i)

6: end for

7: set AQusing (3.13) and (3.14) by taking ¢, = 1
8: Iteration loop

9: fori =1 to N;; do

10. forkeS,do

o WP = A g (@ ACYAGC g,
) . (i—1)
12: b/(cl) =W IE:Z) [ak — QkH(?_kl) ]

13:  end for

14: forkeS,, do

15: W — AG- Qk(ﬂ AGDAGDIG -1
o b= wpal
17:  end for

18:  for k € S,\S,, do

19: b,(f) = 0p;

20:  end for

o —\/NtuK/Z”K HIbg 2
2 x{) = b

23 y,Ef’=f{¢( )

K— 7
2 o) = A N /X5 )2

25: y,(f) = cg(f)y,(j)

26 update A® by using (3.13) and (3.14), then A®) = ¢, A ff

27: n,(f) = y,(j) — A(i)x,(j)

28: end for
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state that the overall computational complexity of IDAP is comparable to that of the
linear ZF precoder. Regarding the existing precoders that employ oversampling in
the literature, the computational complexity per-iteration of the precoder in [15]] for
frequency-selective channels is O(U3K?), only for the gradient calculation in [13}
Egn. 43], in addition to O(N?K?) complexity to calculate a constant in [13, Eqn.
44]. Their summation O(U3(K’)?) + O(N?(K’)?) is much larger compared to the
linear ZF precoder complexity O(U3(K')) + O(U?N,(K")), as N;K' >> U? for a
typical massive MIMO-OFDM scenario. The complexity of another oversampling
precoder proposed in [14] is also stated to be comparable to the complexity of the ZF
precoder per each subcarrier. Therefore, we will benchmark our precoder against the

precoder in [14], in addition to the linear ZF precoder.
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CHAPTER 4

PERFORMANCE ANALYSIS FOR IDAP AND QUANTIZED ZF

In this chapter, our focus is on deriving the signal-to-interference-plus-noise ratio
(SINR) expressions for IDAP and quantized ZF in the presence of an interfering BS
at the adjacent band. The interference can occur either through direct leakage or
aliasing. The SINR expression for IDAP will incorporate two covariance matrices:
the distortion covariance matrix of the intended BS and the DAC output covariance
matrix of the interfering BS. Due to the absence of closed-form analytical expres-
sion for IDAP, these two covariance matrices need to be determined experimentally
using a Monte Carlo approach. On the other hand, for the quantized ZF precoder,
we will provide a fully analytical expression for the SINR by utilizing known equa-
tions for covariance matrices that undergo quantization. Moreover, our analysis for
quantized ZF can be easily applied to all linear precoders by just taking the precoding
matrix as the desired linear precoding matrix. By deriving these SINR expressions,
we will conduct a comprehensive performance analysis of both precoders, consider-
ing the presence of interference from adjacent bands and accounting for the effects of

covariance matrices and quantization.

4.1 SINR expressions of IDAP and Quantized ZF

From this point on, we focus on the case of two neighboring base-stations operating
in adjacent frequency bands. A user in the first cluster, namely U E', receives signal
from both base-stations, one as a desired signal from its base-station BS; through
the channel ﬁkH, other as interference from neighboring base-station BS; through the

~H —
channel A, . Also, the channel between BS; and U E? is referred to as QkH and the
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channel between BS, and U E? is represented by A, as depicted in Fig. Itis
assumed that both BSs use the same precoding, IDAP or ZF. To be able to account
for aliasing effects over a wider bandwidth (wider than the DAC bandwidth of F}),
we introduce a sampling rate %FS >> [ at this point. The received signal sampled

at the rate %FS can be written as

fo=[fEf2 . f] k=0, K — 1, @.1)

where f} is the received signal by the u' user at the k™" subcarrier. The corresponding

frequency-domain channel is
Q= [ALA2 AU k=0, K 1, 4.2)

[A]7 e CY*Nt. Therefore, the received signal f user when IDAP is employed

becomes
[ = gx [[Ak]Hyk’ + N Ye-ap, o+ ”k]

= gn [[Ak]H[A” D5 4 a3+ N Y aan, .t ”k]

i) wHps(ig=1)  ~(ip—1 U u )
= Ok Cﬂ(ﬁf)ak + 9k [)‘k]H[TI;f - "7/(<;f )] 95 (M) Yoeeayp) o+ 96V (4-3)
~—— > ~- - N Hes  N~—~—
message 2e}!, distortion agu in?efrfer — noise
— guct T+ guel + gt + gy,
where i ¢ is the final iteration index, ﬁgf b _ {f,(jf N _ Al —1)?(,?” 1 is the estimated
distortion obtained as in line 27 of the Algorithm 1, ﬁ,(jf s g;l(jf ) A(if—l)?c,(ff !
Moreover, i,(ci) = up(xg), fte/ 1), which is upsampled version of X,(j) by u./p and
~H

A, = up(ay, se/pt). Furthermore, [X,]" is the u'" row of BS,’s channel A, , and
vy is zero-mean Gaussian white noise with variance N,. In addition, §(k_ N is
Hec

obtained from the transmitted signal of B.S,, namely ?k, with a circular shift by A f
modulo p K. ?k is defined similar to ;) as in — and by replacing the
transmit symbols of BS;, namely a;, by the transmit symbols of BS,. The IF filter
gain is represented by g, which is assumed to be equal to 1 within the bandwidth of
K subcarriers where the transmitted signal is located (i.e., the first and last /K /2
subcarriers), and ¢ outside of this range. Af is the frequency shift of the transmitted
signal of BS, to align its transmission bandwidth. In Fig. }Vf,(:f ), §(k7 AP
and g is visualized to gain insight for K < Af < pK /2. As Af increases in this

range, there would be less direct overlap, but more aliasing if € # 0. Also, one inband
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Figure 4.1: Power spectral density (PSD) vs frequency-index of transmitted signals
from BS; and BS,, IF filter g, for adjacent channel interference case due to both

OOB overlap and aliasing

subcarrier of B.S] is interfered by at most one subcarrier of B.S; depending on A f
and e¢. Even if OOB suppression of the IF filter is high (for small €), it may not be
adequate due to near-far effects [36]. To obtain the transmitted signal for quantized

ZF precoder, the frequency domain precoded signal can be written as
X = 000 a @
—_—
ﬁW%F
where ¢! is DAC input power scaling for ZF. Then, DAC output is obtained as

follows:

yit =" F{p (F X"} k=0, pK -1, 4.5)

which can be expressed by using Bussgang decomposition as
vyl = AP 4 npZt, (4.6)
where x7%" and nZ*" are uncorrelated. Bussgang gain matrix A#* can be found with

29-1
CZF

A
ZF _ 7y : ZF\—0.5 A2 (. o9q—1\2 3 ZF\—1
A% = NG diag(CZF) ;:1 exp< A? (n —297") " diag(CZ") ) 4.7)
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H L
where C7F = - 3 o (c7" Y’WZE(WZEY!  Then, received signal for the u' user

for ZF precoder becomes,

= gn [[Ak]Hyzf " NS Y eap, ot Vk]
= Ok [[Ak]H[AZFXf i1+ N Yeap, o+ ”k]

u ~ u ~ —u, g~ ZF w
= grel” [/\k]HAZFWZFJ Ak + gk [Ak]anF + 9k [)‘k]HY(k—Af)HCK + Gkl s

" (. J

1ZF : 2 istorti g i
hjZ ¥ effective channel ek, distortion 2£, interference noise

(4.8)

where 77 = up(y£", pe/p), XEF = up(fF, pe/p), 77" = up(mf”, pe/p), and
?fF is defined similar to yZ* as in -, by replacing the transmit symbols of
BS), namely ay, by the transmit symbols of B.S,. Since Qff A?FWZF is not diago-
nal, unlike IDAP where matrix A is predicted and cancelled, multi-user interference
(MUI) exists in the received signal for the u'™ user. Therefore, the received signal f*
for ZF precoder can be written as

u
- ™~
fit = graiy + ge Y, okl +geel + obk + gevps (4.9)
I=1,l#u
—_————
<, MUI
where the intended user gain of = ¢ZF [iZ"] . [hj7F] being the u' element of the
effective channel vector, and multi-user interference gain o, = ¢Z” [h}Z"'] . Here,
we also define the signal sampled at the receiver sampling rate F;, namely r;, € CV*1,

as

rkz[r,ir,i...r,g]T,kzO,...,,uK—l. (4.10)

According to the following proposition, the received signal by the u’* user, namely
r}, can be found in terms of f;', which will enable us to take into account the effect

of aliasing on the receiver side signal-to-interference-plus-noise ratio (SINR).

Proposition 1. 7} can be found from f;' as

w_ PN g
= f k) (4.11)

where downsampling rate is z./p. E]

! Downsampling f}* to rate z implies there will be aliasing to terms contained in the f;* that has bandwidth
larger than p K. Terms with bandwidth up to p/ wouldn’t suffer from aliasing.

26



Proof. See Appendix O

Using (#.3), (4.9) and (4.T1)), we obtain the following result:

Hc/u_l
" p BB
Ty = —ogap + —my + —e; + — Z g(kfmuK)uchztk—muK)u K
c He Fe He m=0 )

~
=(}, aliased, filtered distortion

pe/p—1
+— Z g(k_mﬂK)ucKVZJk:fm,uK)McK

¢ m=0
o J
'

éﬂz, aliased, filtered white noise

(4.12)

2

Cc

= agap +mp + ep+ G + 9],

where, for IDAP, o} is equal to cgf ), and the multi-user interference term mj is zero,
whereas they are defined as in for ZF. The terms in the summation constituting
J} are % independent Gaussian random variables, % —1 of which have €2 N, variance
and one of which has a variance of NN,. Therefore, ¥/} is a Gaussian random variable
with variance ((“ — 1) + 1)N,, Vk. That leads to an SINR expression for the k"

subcarrier of the u!" user for IDAP and ZF as follows:

u 2 u
o E [Jag ]

SINR; =
CE(lmpP] + ElletP]+ EG + E (03]
_ "
U ,U‘C/M_1 LH ~ ’
Y, P+ [ Co ], + Y 9 [AuCy Arduu +E 193]
I=1,l#u ——— m=0
—_— E|le¥|? = ~ -
B[jmy1?] [t BI¢12], b =(k=Af=muK) i

(4.13)

where E [af[?] = 1, k" = (k — mpu), e, E[[932] = (% 1) + 1)N,. E [[mi[?]
i1s MUI power and non-zero only for ZF, and o} = cgf ) for IDAP. Moreover, an and
Ci/ are the covariance matrices for the quantization distortion from BS; and the

signal transmitted by B.5;. For IDAP, C,, can be written as

ip—1)  Alif—1 ip—1)  Alip—1)\H
C, —E[(n” L Y =AY ] (4.14)
whereas for ZF C,, = FE [nknf ] On the other hand, C;k/ =K [§k§5] is non-
zero only for the first and last /K /2 entries in terms of &’ for both IDAP and ZF, and
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expanding it for ZF we get the following equation as

— 7F~ - H __ H - - H _ — H
cy, - B[R @ el " - A e s ozt
(4.15)

where Cg ' is covariance matrix for the distortion in the transmitted signal ?k, from
k}l
——7ZF . . . . . —ZF
BSsy,and A™ is the associated Bussgang gain matrix due to iﬁi Matrix A~ can
. . . 2zF ~2F H .
be found as in || by replacing Cy, with CZ" = E {xk, (X ) ], which can be
kl
written as
2 H . K K
cor _ (ZEYWEE(WEZE)Y T if ke {0, ..., 5 — 1 U{pe K — 5, .o, S — 13,

Xk/
On, <, elsewhere,

(4.16)
due to (4.4). In the SINR expression in (4.13), E[|e}|?] is the residual distortion
power of the in-band subcarriers coming from 55, due to quantization, on which ZF
precoder has no control, but it can be minimized by IDAP. E [|¢}*|?] is the interference
coming from BS,, on which ZF precoder has no control, but it can be minimized by
utilizing IDAP on overlapping OOB subcarriers. F [|9}|?] is the white noise power.
Only unkowns in the SINR expression (@) are C,, and Cy,, which can both be
found through numerical Monte-Carlo simulations. For ZF precoding in both B.S;
and B.S; and for large U, it can be shown that C,;, ~ C%g and C,,,_is approximately a
constant diagonal matrix. In this case, calculation of @[) boils down the estimation

of only a single scalar parameter in the constant diagonal entries of C,, .

These derivations of the SINR expressions for IDAP and ZF are done for the case of
perfect channel. To incorporate channel estimation error, the precoding matrices can
be constructed using estimated channel instead of actual channel. For the case of the
estimated channel, the rest of the derivation will be similar to the case of the perfect
channel. Moreover, to compare experimental results with the SINR expression in
(4.13), we have used the analytical expression of SER for A//-QAM as follows:

2
SERzzl—ll—@<l—¢< %» : (4.17)

VM M—-1

where S E R} is the symbol-error-rate for k" subcarrier of " UE, and M is the QAM

order.
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4.2 Fully Analytical SINR expression of Quantized ZF for 1-bit DAC

First, we start with computation of F [|e¥|?] analytically, then countinue with F [|¢|?].
ey, is the distortion passed through channel, so E [|e}[?] = [Q}/C,, Qk] ) i the

th diagonal of the covariance matrix of recevied distortion signal. Desired covari-
ance matrix of distortion C,,_in frequency-domain can be computed according to the

following proposition.

Proposition 2. C,, can be found from Cg[m] as

C,, =T+ T} — C;0] (4.18)

—]271"mk

where T, = - SY5 01 (i —m)Cym]e 5%, Wk, and Cy[m] = E[ﬁn[ﬁ(n,m)]ﬂ].

Proof. See Appendix[A.2] N

Covariance matrix of time-domain distortion can be found using Bussgang decompo-
sition as
Cﬁ[m] = Cg, [m] — AC;([m]AH (4.19)

where Cy[m]| = F [ynyg{_m)] is the DAC output and Cz[m] = E [iniﬁ_m)] is
the DAC input time-domain covariance matrix for the m!* delay. Next, we define
Cy, = E[x;x]. Since E[x;x] = On,xn, for k # k', Cx[m] can be found by the

following proposition.
Proposition 3. Cx[m] can be found from Cy, as
Cx[m] = — ¥ Cype ik (4.20)

where frequency domain DAC input signal’s covariance for ZF is Cx, = (cx)QWkW,f

from (@.4).

Proof. See Appendix [
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Also, by using arc-sine law [37], DAC output’s covariance can be found as

ANA? 1 1
Cylm] = fasin(Dy "R(Cx[m])D )] )
4 j asin(D *$(Cx[m])D5 ?)

where Dx = diag(Cx[0]). On the other hand, ¢, is circularly shifted replica of the re-

ceived interfering signal after applying IF filter as E [|([?] = S e/#~! T—mpic) e EUEG—mprcy a1 2] =

~H ~
Z/T’:i/éfl g(zkfm,uK)HcK [Ak’C§k,Ak']u,u7 K = (k o Af - mMK)MCK' Cik, is the co-

variance matrix of the BS5’s DAC output at the sampling rate of %Fs which can be

found from its version at the receiver sampling rate F} as

Cy,, if k' € {0, ..., uK /2 — 1}

Cs, =4 Cy, if k' € {uK — uk/2, ..., u.K — 1} (4.22)

yk/

On, x N, elsewhere.

DAC output covariance matrix in frequency domain at the receiver sampling rate Cy; ,

can be found using Proposition [2| as
= =H
Cy, =Tw+ T — C;[O] (4.23)

where T}, = ;%K SR K — m)C;[m]efji}m*k , VK, and Cg[m] is the covariance

matrix of the DAC output of 2"¢ BS for m!" delay found by using (4.21) with x;,
being DAC input of 2"? BS.

4.3 Fully Analytical SINR expression of Quantized ZF for multi-bit DAC

Same as one-bit DAC case, we need to find distortion covariance matrice of B.S;
namely C,, and DAC output covariance matrice of BS; namely Cy ,. We will start
by finding DAC input covariance matrix in frequency domain Cy, and work our way
up to C,,,. Cyx, = W, W/ and A is found using with the desired number
of bits, ¢g. Then, time-domain DAC input covariance found as in @ Now, we
need an analytical expression for the DAC output covariance matrix like in the case
of 1-bit, however there is no closed form expression. Therefore, we will make an

assumption that only diagonal entries of Cy[0] are non-zero, so u'" diagonal entry of
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C5[0], by dropping Z F' superscript, can be found as

L-1

[Cy[01] ) =2 ) BPb; < R(E) < bita]

=0

=0 (4.24)
=2 3 B[P(V2bis1/o3g) — B(V2b;/03y)]

where 0)3(3 is the u'™ diagonal of the [Cx[0]](y,.), i.e. quantizer input of power the u"

antenna. Now, we can find distortion covariance matrix in time-domain as

C;[0] = Cy[0] — A diag(Cx[0])[A]" (4.25)

Here, C;;[m] is assumed to be close to zero for m # 0, meaning distortion sequence at
different samples has a negligeable effect on each other. Finally, distortion covariance

matrice in frequency domain can be found using Proposition 2] as

C,, =T+ T} — C;[0] = C;[0] (4.26)

il S & C5;[0], Vk. Then, as in the case

of one-bit DACs, E [|e}|*] and E [|(*|?] is found by using C,, and Cy,, for multi-bit

Y

where Ty, = I%KZ”K_I(MK —m)Cgx[m]e C

SINR expression.
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CHAPTER 5

NUMERICAL RESULTS

In this chapter, we present a comprehensive performance evaluation of our proposed
precoder IDAP, along with the benchmark precoder SQUID and ZF precoder. The
evaluation is conducted through Monte Carlo simulations, focusing on key perfor-
mance metrics such as bit-error rate (BER), symbol-error rate (SER), and power-
spectral density (PSD). To begin, we analyze the performance of the precoders in a
scenario where a single BS serves its users. This initial analysis provides insights into
the precoders’ performance in a non-interfering environment, and demonstrates how
well they reduce the in-band quantization distortion. Subsequently, we extend our
investigation by introducing a second BS, allowing us to examine the precoders’ per-
formance under interference conditions. By considering the effects of interference,
we gain a deeper understanding of how the precoders handle challenging scenarios.
Through our comprehensive Monte Carlo simulations, we aim to provide a thorough
evaluation of the performances of IDAP, SQUID, and ZF precoders, enabling a com-
prehensive comparison in terms of BER, SER, and PSD.

5.1 Downlink Scenario for Single BS

Our performance metrics include uncoded and coded BER, uncoded SER, as well
as out-of-band (OOB) emissions or PSD of the transmitted signals. We compare
the proposed precoder IDAP with linear quantized oversampled ZF precoder and the
precoder introduced in [14], which constitute comparable complexity benchmark pre-
coders. Our results demonstrate that IDAP outperforms both the linear ZF precoder

and the precoder in [14] in terms of error rate and/or OOB emissions performance.
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Additionally, we include ideal unquantized ZF precoder as a benchmark to observe
the limit how much IDAP can mitigate quantization distortion. In the BER and
SER plots, the horizontal axis values represent the received signal-to-noise ratio (Rx
SNR) per user and per active subcarrier, which is given by E [[|[Qyy], ||*] /No, Vu.
The number of active subcarriers K is set to 128 for all simulations. We consider
two channel scenarios: rich scattering environment without a dominant line-of-sight
(LoS) path and another with a LoS path. We model the non-LoS channels as Rayleigh
fading and LoS channels as Rician fading channels. The power delay profile (PDP)
of the channel follows the COST-207 delay profile for suburban and urban areas [38]].
For the Rayleigh fading scenarios, the total number of non-zero multipath compo-
nents is Sy, with P = 32u,., which are chosen as uncorrelated in time and space in
line with the discussions in [33]]. For the Rician fading channel, the parameters are
selected as in [2]]: the total number of non-zero multipath components is 5, corre-
sponding to a sparse channel, with P = 32, ;) = 3°, ¢ is chosen from a uniform
distribution between +60, except for the first tap where the mean arriving angle se-
lection is repeated if any two mean arriving angles are closer than the angular spread
for any user. For the first tap, 7y = 10 dB, and for the other taps, r; = 3 dB, as more
LOS dominance is present for the first arriving paths. The PDP of the channel again
follows the COST-207 delay profile for suburban and urban areas [38]]. In scenarios
containing channel estimation error, the estimated channel utilized in precoding is
denoted with hat as O, and actual channel is Q7 = ﬁf + E; where E;, € CU*Mt is
channel estimation error matrix. Here, we assumed that estimated channel and chan-
nel error is uncorrelated, £ [HLK Sell trace(ﬁkH ﬁk)] = N,U, and each element
of Ey, is realized as i.i.d. zero-mean CSCG random variable with variance o2 for all
subcarrier This makes the power ratio of each element of ﬁkH and E; equal to 1 /02
We have selected Ug as -16 dB for 1-bit DAC, and -25 dB for 2-bit DAC as achievable
values according to [2]]. In scenarios involving two base stations, we have U = U’.
For all simulations where channel coding is employed, the coding scheme employed
is rate 3/4 low-density parity check code (LDPC) specified in IEEE-802.11 standard
[39]]. Unless otherwise stated, N; =64, y. =8. Quant./Qnt. IDAP, Quant./Qnt. ZF
and UnQuant./UnQnt. ZF in the plot legends refer to quantized IDAP, quantized and

! Here, we have assumed additive white Gaussian noise to model channel estimation error. Depending on the
scenario correlated noise models can also be used.
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Figure 5.1: BER vs Rx SNR for NV, = 128, U=16, QPSK, ¢ = 1, various N;.

unquantized linear ZF, respectively. The analytical performance curves are plotted

according to (4.13) and @.17).

Fig.[5.1|shows the error-rate performance of IDAP for different N;; values to observe
its convergence rate. Since OOB supression is not required here, IDAP takes S,, as
an empty set. The results show that when the oversampling factor is increased, IDAP

converges faster, as seen in the case of Nt = 128, U = 16, QPSK, and 1-bit DAC.

In Fig. [5.2] we illustrate the error-rate performance of IDAP for various NV;; and p
as in Fig. [5.1] but for a higher load, 16-QAM to observe the necessary number of
iterations for the convergence of IDAP when constellation contains more symbols.
While the necessary number of iterations for convergence is relatively large for no

oversampling, 15 iterations seem to be enough for higher oversampling factors of

p =2 or y =4, as shown in Fig.[5.2bland Fig.

To examine the OOB radiation performances, Fig. [5.3p shows the PSD at the user
side of quantized SQUID [14]], quantized ZF, and quantized IDAP for various over-
sampling factors. To achieve suppression throughout the whole OOB region S, IDAP
takes the OOB suppression region S,, = S,. If the PSD values at the OOB close to

the in-band portion of the spectrum are compared, quantized SQUID and quantized
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Figure 5.2: BER vs Rx SNR for N, =128, U =16, 16-QAM, ¢ =1, various N;;.
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Figure 5.3: N; =64, U =8, 16-QAM, q =1, N;; =40, i =1, 2, 4, 8 for IDAP and
SQUID. A tapered cosine window function with 0.25 tapers is applied on transmit

waveforms.
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Figure 5.4: BER vs Rx SNR for NV; = 64, 16-QAM, ¢ = 1, N;; = 80 various U for
IDAP and ZF.

ZF have similar PSD, with SQUID being slightly worse. This is because SQUID
focuses on minimizing in-band distortion to improve BER and does not prioritize re-
ducing distortion in OOB. In contrast, IDAP cancels out a significant amount of OOB
distortion, resulting in lower OOB radiation compared to SQUID and quantized ZF,
providing up to 10.5 dB OOB PSD difference achieved at i« =8. The error-rate perfor-
mances for the same simulation setting are also compared in Fig. [5.3b, where IDAP
and SQUID show superior performance compared to quantized ZF. At high oversam-
pling values, IDAP and SQUID perform close to unquantized ZF. For 1 =1, IDAP
outperforms SQUID, providing about 5 dB SNR advantage for the BER level of 1072,
Therefore, it can be concluded that IDAP outperforms SQUID (for ;+ =1) and quan-
tized ZF in terms of BER and provides much lower OOB emissions compared to

SQUID and quantized ZF for any oversampling factor.

Fig. shows how IDAP and ZF perform under varying user loads for N, = 64,
16-QAM, ¢ = 1. Quantized IDAP clearly outperforms quantized ZF and perform
closer unquantized ZF for smaller U values. IDAP at ;4 = 2, has almost twice the
user load capacity compared to ;@ = 1 for similar BER values. This indicates that

higher oversampling factors can support much more users.
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Figure 5.5: BER vs Rx SNR for N, =64, U =8, various p.

The effect of oversampling factor for various number of quantizer bits and modulation
orders are also investigated in Fig.[5.5] for U =8. It seems that quantized ZF
does not benefit from higher oversampling factors, while the performance of IDAP
improves a lot with increasing oversampling factors, and outperforms quantized ZF.
Noted from Fig. [5.5b| and Fig. IDAP can accommodate modulation orders as
large as 64-QAM with 1-bit DACs and 1024-QAM with 2-bit DACs, for moderate to
high oversampling rates. Interested reader may also refer to the conference version

of this paper [40] to see the robustness of IDAP to various user loads.

Fig. [5.6)illustrates the error-rate performance of IDAP and SQUID under Rayleigh
fading for the 1-bit, 64-QAM case with N; = 64 and U = 12 for various values of .
As p increases, the BER performance of both IDAP and SQUID improves for both
coded and uncoded cases. IDAP outperforms SQUID for all values of i, with the
performance gap being greater at lower p values. While coding significantly reduces
the need for high oversampling factors, increasing the oversampling factor is still

highly advantageous.

To observe the performances of the precoders under examination in Rician Fading
channels, error-rate performances are obtained as presented in Fig.[5.7]for 1-bit DAC,

64-QAM, U =12 and various oversampling factors. As can be noted in Fig. as
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Figure 5.8: BER vs Rx SNR for N, =64, ¢ =1, u =1.5 Rician channel.

1 increases, both IDAP and SQUID demonstrate an improvement in BER for coded
and uncoded cases. However, IDAP consistently outperforms SQUID for all y values,
with a more significant performance gap observed at lower p values. Although coding
reduces the need for high oversampling factors, increasing the oversampling factor

still seems to be beneficial.

Fig. [5.8 shows the error-rate performance of IDAP and SQUID under Rician fading
and channel estimation errors. For both uncoded and coded cases, channel estimation
error is indicated on the texted arrow such as -16 dB. For both uncoded and coded
cases, ¢ =1 and p =1.5. For the uncoded case, IDAP has a clear advantage over
SQUID for both perfect and imperfect channel-state information (CSI) cases. For
the coded case, IDAP again outperforms SQUID. Like in the uncoded case, IDAP’s
performance drops as channel estimation error increases, yet it is always superior to
quantized ZF and SQUID. Moreover, it seems that desired BER levels can be achieved

by increasing the SNR unlike the uncoded case where error-floors are observed.
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Figure 5.9: PSD for N, =64, U =8, q =1, 16-QAM, u =4.

5.2 Interfering Adjacent Band Scenario for Multiple BSs

In this section, we present simulations performed for the case of multiple base stations
operating at adjacent channel bands and interfering with each other due to aliasing.
The interfering band channel is created with the same parameters (same PDP, fading
type) as the desired channel band. Fig.[5.9|presents the PSD of the received interfering
signal coming from BS5 to a user served by B.S; for U =8, ¢ =1, 16-QAM, u =4.
For e =0, Af =128 case, all of the in-band of the intented user is directly hit by the
interfering signal from BS,, whereas for ¢ =1, Af =256 case, half of the in-band
signal is directly hit and the other half is hit due to aliasing of BS5 signal which is vi-
sualized in Fig. In Fig. the precoder named as "IDAP with supp." suppresses
OOB radiation by precoding at the subcarriers of S,,,, where it will hit the in-band of
the users served by BS;, whereas the precoder referred to as "IDAP without supp.”
chooses S,,, as empty set which makes x; = Oy, for all OOB region. IDAP with sup-
pression significantly reduces OOB emission throughout the overlapping frequency
bins up to 12.5 dB better compared to SQUID, IDAP without suppression and Quant.
ZF for ¢ =0, Af =128 case. This advantage is about 9.1 dB for ¢ =1, Af =256

case.
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Figure 5.10: SER vs Rx SNR for N; =64, U =8, q =1, 16QAM, p =4, perfect/im-
perfect CSI. Red markers are analytical SER values, and lines are experimental SER

values.

Fig. [5.10] presents the error-rate performances for the same simulation parameters as
selected in Fig.[5.9] While SQUID and IDAP without suppression performs almost
same, IDAP with suppression, outperforms both SQUID and quantized ZF signifi-
cantly, with a higher performance gap for ¢ =0, A f =128 compared to the case € =1,
Af =256, both under perfect and imperfect CSI conditions. It should be noted that
the performance gap between IDAP and SQUID was much smaller for © =4, when
there were no interfering BS. Thus, interfering BS scenario further emphasizes the
importance of OOB emission reduction achieved by IDAP. Also, our analytical SER
results, which are indicated with red markers, coincides with experimental SER’s as
red markers overlap with the lines for both perfect and imperfect CSI. At this point,
one might ask why IDAP without suppression doesn’t perform better than SQUID
since that was the case for single BS scenario. The answer is that although IDAP
without suppression reduces in-band distortion better than SQUID, OOB distortion
is the dominant distortion that decides SER for multiple BS scenario, and both IDAP
without suppression and SQUID have the same PSD levels in OOB. SNR gap between

IDAP with suppression and unquantized ZF is increased for imperfect CSI compared
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Figure 5.11: SER vs Rx SNR for NV, =64, U =8, ¢ =2, 64-QAM, p =4, for -25 dB
and -20 dB channel estimation error. Red markers are analytical values, and lines are

experimental values.

to perfect CSI, because unquantized ZF suffers only from in-band distortion of BS|,
whereas IDAP as well as SQUID and quantized ZF have interference coming from

BS; on top of in-band distortion from B.5;.

Fig.[5.11shows how the precoding schemes work under different channel estimation
quality for U =8, ¢ =2, 64-QAM, 1 =4. It shows that OOB suppression is meaning-
ful even under channel estimation error and multi-bit quantization when IDAP with
suppression is compared to IDAP without suppression. Also, analytical SER values,

indicated with red markers, are in consistency with the simulated values.

Fig.[5.12] presents the received signal PSD for U =8, 64-QAM, p =4 for various ¢. It
shows that IDAP suppresses OOB emisson for ¢ =1, 2, 3, which is remarkable even

when ¢ =3.

As the final simulation, Fig. [5.13]illustrates the error-rate performances for various
number of quantizer bits. It can be noted that IDAP with suppression exhibits superior
performance for all quantizer resolutions compared to quantized ZF. SQUID cannot

be included in the plots, as it is not designed for multi-bit multi-amplitude quantiz-
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ers. Fig.[5.13]shows that, increasing quantizer bits makes IDAP perform much closer
to unquantized ZF. Moreover, analytical results for IDAP coincides well with exper-
imental results, verifying the accuracy of the presented analysis. Since, we didn’t
make an assumption at ¢ =1 for quantized ZF, there is no mismatch for the analytical
and experimental results. Nevertheless, there is a slight mismatch for ¢ =2,3, which
is more visible for A f =128 case. This is due to the assumption we made on deriv-
ing the fully analytical SINR expressions. In (4.24)), we assumed that the covariance
matrix of the DAC output signal to be diagonal. This becomes valid as the spatial
correlation among antennas decreases, but the number of bits is not enough for this
particular setup which is why at ¢ =2, there is more mismatch than ¢ =3. Also, in
(4.25), we assumed that the correlation of the distortion sequence at different time
instances can be negligible. This is valid at higher number of bits and lower over-
sampling factors. Nonetheless, for this setup, ¢ =2, 3 is not enough to make it fully
uncorrelated. Also, i =4 directly increases the correlation at different time instances.
This correlation implies that the OOB of the quantized ZF will have a curved shaped,
where the PSD decreases as you go further from the inband, which can be seen in
Fig. @ However, we assumed it to be uncorrelated, e.g. PSD to be flat at the OOB
subcarriers, which may be seen as more valid at the OOB tails, but not so valid at
the OOB that is close to inband. This is the reason why there is more mismatch at

Af =128 than A f =256 case.
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CHAPTER 6

CONCLUSIONS

This thesis investigates the effect of quantization, and presents an iterative distortion-
aware precoder called IDAP that is applicable to different channel types, modulation
orders, DAC bit resolutions, and oversampling values. The precoder outperforms
existing benchmark quantized oversampling precoders of comparable complexity in
terms of error-rate and OOB emissions. Moreover, IDAP can achieve performance
similar to unquantized ideal ZF precoder in practical cases in terms of error-rate which
motivates the high capability of our distortion cancellation. As can bee seen from
simulation results containing single BS, IDAP has advantage over other precoders in
terms of minimizing the in-band distortion which facilitates the improved error-rate
performance. Moreover, from simulations containing an interfering BS, we observe
that reducing the OOB emission can be so critical that a precoder which has a good
error-rate performance in single BS scenario, SQUID, can exhibit very poor error-
rate performance when there is interference. On the other hand, IDAP has the ability
to suppress OOB emissions in specific OOB locations, minimizing possible adjacent
channel interference, while maximizing the error-rate performance by cancelling the
non-linear in-band distortion. The OOB reduction advantage of the proposed pre-
coder compared to benchmark precoders can be up to 12 dB in some cases which
resulted in significant error-rate performance differences. This can be useful in sce-
narios where OOB emissions, thus inter-cell interference, are increased due to the
nonlinearity introduced by low-resolution DACs employed in massive MIMO arrays.
The paper also presents the performance analysis of the proposed IDAP precoder and
ZF precoder under interference from a secondary base station. The provided perfor-
mance analysis is the first to take into account aliasing from adjacent channels for

quantized MIMO and provides accurate values close to simulation results.
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Appendix A

PROOFS IN CHAPTERY|

A.1 Proof of Proposition 1]

ri can be found from f} as

Xg(€¥) = rf, X(luik) = f,
M-1
. ]_ cw—21Tm 27Tk
X (eIw) = — X (=) r 24y
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(A.1)

(A.2)

(A.3)

(A.4)

(A.5)

Here li hold by definition. Change of variables, namely (w = T—I’;) and (M =

pe/ 1) is introduced in (A.2) and (A.3)), respectively.

A.2  Proof of Proposition 2|

C,,, can be found from Cj[m] as
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Here (A.7)-(A.8) directly comes from definition and stationarity of 77,,. (A.9) is by
change of variable (m = n — n’). (A.10) holds because (Cj[m])" = Cy[—m].

A.3 Proof of Proposition 3|

Cx[m] can be found from Cy, as

Ci[m] = F [x.%],] (A.12)

j2rnk  —j2m(n—m)k’

- Z Z E[xk(xk/)H]e WK e K (A.13)

'LLK k=0 Kk'=0
]. wE1 H j2rnk —j2n(n—m)k
=K > E[Xk(xk) ]e Wk g uk (A.14)
k=0
1 HK?I j2mmk
= ,U_K Cy,e #K (A.15)
k=0

Here (A.13) holds by definition, (A.14) is valid since E [xk(xk)H] — Oixn, for

k # k' as the message signal in frequency domain is uncorrelated. (A.15)) is by

definition.
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