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ABSTRACT Is is widely known that the power consumption of Analog-to-Digital Converters (ADCs) is
strongly related with the number of bits of resolution. Using smaller resolutions can greatly reduce the power
consumption of the RX frontend. However, the use of low-resolution ADCs introduces significant nonlinear
distortion, especially when Orthogonal Frequency Division Multiplexing (OFDM) signals are employed,
which might severely degrade performance. In this work, we consider nonlinear effects at the receiver
side, associated with quantization and saturation of low-resolution ADCs, and we propose a Generalized
Approximate Message Passing (GAMP) receiver that is specially designed to cope with nonlinear effects
at the OFDM receiver. We show that our receiver can significantly mitigate the distortion that arises from
low-resolution ADCs, allowing larger M-ary Quadrature Amplitude Modulation (M-QAM) constellations to
be employed. The proposed receiver is shown to be robust to strong channel fading effects, as well as errors

during the channel estimation process.

INDEX TERMS

OFDM, GAMP, ADC, nonlinear effects.

I. INTRODUCTION
The ubiquity of wireless devices has motivated the devel-
opment of faster and more reliable connections. To achieve
this kind of performance, linear transceivers should be
deployed, namely using higher-quality hardware, such as
high-resolution Digital-to-Analog Converters (DAC) at the
transmitter and Analog-to-Digital Converters (ADC) at the
receiver. As is widely known, using data converters with
high resolution results in lower signal distortion levels, and,
consequently, improved performance, especially when higher-
order modulations are employed, which are more sensitive to
noise and residual interference. However, higher resolutions
increase device complexity and power consumption [1]. In
fact, the power consumption of an ADC can be exponentially
proportional to the bit resolution [2].

The alternative of using low-resolution converters intro-
duces nonlinear distortion on the signal which negatively
impacts the systems’s performance. Generally, in selecting the

DAC/ADC resolution there is a trade-off between distortion
and hardware savings [3]. If the system can cope with this
distortion, then it can enable lower resolution and decrease
power consumption and cost at the DAC/ADC. There are
many schemes to cope with the nonlinear distortion due to
the DAC, such as the use of multiple antennas at the transmit-
ter side can reduce the performance degradation associated
with the use of low-resolution DACs [4], it can also lead to
spectral regrowth outside of the signal bandwidth that may
be incompatible with Spectral Emission Masks (SEM). For
the receiver side, the spectral widening associated with low-
resolution ADCs does not lead to spectral regrowth, so it
is reasonable to expect scenarios where ADCs have lower
resolution than DACs employed at the transmitter. Natu-
rally, this leads to higher distortion at the detection level,
which increases if the oversampling factor is not large enough
to mitigate the aliasing effects. Another key aspect is the
ADC input range, or saturation, which defines the range of
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acceptable input signals that will be converted to a digital
code. If an input signal falls outside of this range, it will be
clipped to the maximum or minimum code. The input signal
range is defined by the Automatic Gain Control (AGC) of the
receiver, which in practice does not have an ideal response [5].

Several techniques have been proposed to cope with non-
linear distortion effects. The most common take advantage
of Bussgang’s theorem [6] to decompose the received signal
into useful and distortion components and estimate and cancel
the latter using an iterative process [7]. A more powerful
technique is the Generalized Approximate Message Passing
(GAMP) receiver [8], which is a low complexity approxima-
tion of Bayesian inference for linear observations. In the liter-
ature, GAMP has been proposed as a suboptimum receiver for
nonlinearly distorted observations [9]. In these scenarios it has
been shown to achieve excellent performance, even surpass-
ing conventional systems without nonlinear distortion [10],
[11]. This surprising result was also observed in the modified
GAMP receiver proposed in [12], which also presents less
complexity than conventional GAMP. These implementations
only consider nonlinearities at the transmitter and assume
ideal receiver hardware, such as infinite-resolution ADCs.
Although, due to data processing inequality, it is impossi-
ble to increase channel capacity via post-processing at the
receiver [13], we can design a receiver that takes into ac-
count the nonlinear function applied to the signal to minimize
the impact on performance. A GAMP-based approach was
proposed in [14], though it did not consider the nonlinear
distortion due to low ADC saturation. In [15], the authors
consider an Approximate Message Passing (AMP) received
to cope with low-resolution ADCs, though it does not benefit
from knowing the nonlinear function. The authors of [16]
propose an iterative Generalized Turbo (GTurbo) technique
that can perform detection and channel estimation, at the cost
of high complexity. [17] presents a linear precoding scheme
that takes advantage of antenna diversity to cope with 1-bit
resolution DACs, but it requires additional antennas. A deep
learning approach for detection and channel estimation using
1-bit ADCs is proposed in [18], although it requires super-
vised learning and even higher complexity in the unsupervised
case. A GAMP-based receiver for Line-of-Sight (LoS) sce-
narios that outperforms conventional Bussgang receivers was
proposed in [19], though the authors did not consider large
constellations.

In this work, we consider a scenario where the receiver
employs a low-resolution ADC. This enables a significant
reduction in device cost and power consumption, at the cost
of increased nonlinear distortion. To cope with this distor-
tion, the receiver employs a GAMP-based iterative algorithm
that attempts to minimize the impact of the nonlinearity. By
separating the in-phase (I) and quadrature (Q) branches’ pro-
cessing, we demonstrate that the complexity of GAMP can
be substantially reduced, compared to previous works [10],
while still being able to outperform conventional receivers
that use low-resolution ADCs. In fact, GAMP even performs
better when low ADC saturation is considered, because the
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quantization noise is lower. This highlights the nonlinear dis-
tortion reobustness of GAMP over conventional receivers. In
scenarios with frequency-selective channels, the proposed re-
ceiver is modified to include channel coding, which drastically
improves performance, even for very low ADC resolutions.

The paper is organized as follows: Section. II characterises
the wireless transceiver setup; Section. III details the GAMP
algorithm structure; Section. IV characterizes the frequency-
selective channel scenario; Section. V defines the proposed
coded GAMP receiver; Section. VI presents simulation results
of the proposed system; Section. VII concludes this paper.

In this work we utilize the following notation. A vector
is denoted in bold as X, with a single element written with
a subscript index denoting the position in the vector as X,.
For matrices, we utilize multiple subscripts, such as X, x, to
denote an entry in a 2-D matrix. We use R and Z to denote
the real and imaginary parts of a complex-valued number,
respectively. We use N (i, 20%) to denote a complex Normal
distribution with mean y and variance 202

Il. SYSTEM CHARACTERIZATION

We consider an Orthogonal Frequency Division Multiplexing
(OFDM) downlink communication employing M-ary Quadra-
ture Amplitude Modulation (M-QAM). The transmitted signal
is defined in the frequency domain as the vector of complex-
valued data symbols

X = [Xo, X1, .. Xn-1], (1)

where N is the number of subcarriers. We can express the
received signal at the kth subcarrier as

Y, = X + N, ()

where Nj is the complex Additive White Gaussian Noise
(AWGN) associated with the kth subcarrier with distribution
N(O, 201\2,). Before detection, the received signal is converted
to the digital domain using an ADC with limited resolution
and a given saturation level. We represent this quantization
process as a memoryless nonlinear function f(-) that is ap-
plied to the time domain counterpart of Yy, written as y,. The
corresponding nonlinearly distorted signal associated with the
nth time domain sample is defined as

Y= F(RG) +if T Gn), 3)

with a frequency domain counterpart Yk”l, defined as

N—-1
Y= Fuon )
n=0

where F is the Discrete Fourier Transform (DFT) matrix of
order N. The matrix multiplication is computed using a Fast
Fourier Transform (FFT). The branch function of the ADC,
f(-), is defined as [20]

F0) = round (55— ) Asi 5)

where the function round(-) rounds the operand to the nearest
integer, Rp;; is the ADC bit resolution, and Ay;, is the Least
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FIGURE 1. Diagram of the general nonlinear model for noisy nonlinear estimation.

Significant Bit (LSB) amplitude, which depends on the ADC
saturation amplitude Ay, and is defined as

Asat

Ay = —2%
bit 2Rb[1_1

(6)
The ADC is applied independently to the in-phase and quadra-
ture components, using the same Rp; and Ay, for both.
After digital conversion, data detection is performed on the
frequency-domain signal Yk”l.

1ll. GAMP RECEIVER

As aforementioned, using low-resolution ADCs can lead to
significant savings in the RX radio frontend. According to [2],
the power consumption of an ADC is proportional to 2Rbir,
Therefore, each reduction in bit resolution, halves the con-
sumed power of the ADC. For low-resolution ADCs, the
nonlinear distortion effects can be very high. By assuming that
all input values are within the ADC range, the average power

of the distortion can be approximated as % [21]. Therefore,
recovering the original linear signal is difficult due to the pres-
ence of this distortion, which cannot be decoupled due to the
nonlinear nature of f(-). Therefore, a conventional receiver
will only successfully perform detection if the quantization
noise and nonlinear distortion due to saturation are sufficiently
low. In this sense, it is useful to characterize this problem
as a modification to the Generalized Linear Model (GLM),
where an additional nonlinear function is applied to the signal
after the noisy channel, resulting in a nonlinearly distorted
estimate, as shown in Fig. 1.

An interesting approach that has come up in recent liter-
ature is the GAMP algorithm, which consists of an iterative
detection scheme that can perform near-optimum detection
of nonlinearly distorted signals. Although most implemen-
tations consider a nonlinearity at the transmitter, since it is
the optimum configuration [22], GAMP can also be used
to improve detection in scenarios where the nonlinearity is
at the receiver [14]. Although GAMP introduces significant
complexity in receiver design, it allows for substantial savings
in the ADC. The proposed GAMP decoder, based on [10], is
shown in Algorithm 1.

For better performance, received signals can be oversam-
pled by a factor O; before the GAMP receiver. Higher
oversampling ratios have been adopted in previous works [23]
since they allow for faster and more stable convergence
by reducing the aliasing associated with the Out-of-Band
(OOB) radiation. In addition, oversampling by a factor of
O; =4 is equivalent to increasing the ADC resolution by
1-bit [24], which further improves performance. In this
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Algorithm 1: GAMP Receiver.

Given a nonlinearly distorted received signal in the
time domain, y", produce an estimate, X, of the
original transmitted data X.

1) Initialization

i=1,X(1) = 0yo,.1,80) = Oyo, 1, u* (1) = 1yo, 1
2) Output linear step

NO;—1
Wi =55 D mie )
k=0
NO;—1
Py =Y (EAXe(@) = uP(@)8,(i — 1), ¥n
k=0

3) Output nonlinear step
$n()) = (1 = B)$n(@ — 1) + Bgou (Pn (i), Mp(i),y,'il), Vn
pn@ = (1= B)p, i — 1)
0 o .
= B 8our (Pali), 1), b, vn
Pn
4) Input linear step

Xi(i) = (1 — X — 1) + Xy (i), Vk
—1

1 NO;—1
Vi $ .
w1 (i) = (NOS gjo u,,(t)) . Vk
NOs;—1
Vi) = Re(i) + i (i) Y Fugda(i). Vi

n=0

5) Input nonlinear step

Xl + 1) = gin (V). w1y (1)) , Yk

0 N
i+ 1) = — wf =g (V). ) (D), Vk

Vi

case, the DFT matrix F is of order NO;. From this point
on, the iteration indices from GAMP variables are omitted
to simplify the notation. For MMSE estimation, the in-

put nonlinear function g;, and its derivative g, are defined
as [8]
gin (Vi ") = E [XelVi] (7)
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and
v 0 .
—u mgin := var [Xi|Vi] . (3)
The expectation for M-QAM can be calculated by [9]
M—1
E[XIVi] = Y DiP (DilVi, 1Y), ©)
i=0

where D; is the ith symbol of the constellation, and
P(D;|Vi iV is the likelihood of that symbol, defined as

Di—V; |
o)
P (DilV, V) = ———. (10
ZM—I X _|D]*Vk|
Jj=0 eXp ZMV
The variance of the distribution is calculated as
M—1 5
var [X Vi) = Y (Di — E [Xc|W%])" P (Dil Ve ) . (11)
i=0

For O > 1, which is usually the case, the unused subcarriers
are set as Xk =0and Mf =1, for O;N > k > N. The output
nonlinear function g,,; for MMSE estimation is defined as [8]
§0 - ﬁn
npP

gou (o 17,31 ) = 50 = E [slpn il 1] (12)
In the scenario considered in this work, the observation vector
was submitted to a nonlinear function. As was shown in the
results of [10], taking into account the nonlinear distortion in
the likelihood calculations yields better performance, hence
this work makes use of the nonlinear function of the ADC in
the likelihood estimations. In the general case, the expectation
can only be computed through complex numerical integration,
as proposed in [9]. This requires a large number of operations
that is quadratically proportional to the number of integration
points. However, since the ADC nonlinearity is applied sepa-
rately to the in-phase and quadrature components, referred to
as a rectangular nonlinearity, then it is possible to divide the
complex-valued double integral into two real-valued, single
integrals. The real component is calculated as

RELs| pn, Y1, 1P1)

CROEH—FOP  [RGw)—x2

1 o0 202 2up
= — xe N dx, (13)
" )%
and the imaginary component as
A i
I(E[S|pna )’Z ’ Mp])
1 [ _zop >—2f<x>\2_ \I(ﬁzm—nz
= 5/ xje N " dx, (14)
—00
where C® and C' are normalization constants defined as
o _ IROM >—2f(x>\2 _ \R(p;m—xwz
CR — f P gy, (15)
—00
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and

CZEH—f @12 1T -2

2 2
20, p dx.

(16)

The integration variable is defined to be between [—A,, A,],
with N, points in between, for a total 2N, operations, which
is a substantial reduction from complex integration with N?
operations. The partial derivative of g, is defined as

LN (e nz>_L L var[slpa it w7
aﬁngout Pns Uy Yy ) = o7 7 s

A7)

where var[s|p,, yZl, 1P can be calculated as the sum of two
real-valued integrals, calculated as

RO [RGm)—xI2

1 © ) 2
varls|p. Yo' uf] = — Ix]?e W " dx
C* J_o
| oo zop! >—2f(x>\2 B \I(ﬁzn)—)rlz
" N
+ — Ix|%e 20y P dx — E[z|p, yZl, uPl.

c ] .
(18)

The GAMP algorithm does not define any stop criteria. In-
stead, an appropriate method of determining when to stop the
algorithm must be developed. The simplest criterion is to stop
after In,x iterations, which limits the maximum computation
time. However, the proposed GAMP implementation is not
guaranteed to converge to the optimum solution, which means
that the last iteration may not provide the best estimate of Xj
in terms Bit Error Rate (BER) performance.

In this work, we consider a scenario wherein the data
contains a Cyclic Redundancy Check (CRC) code powerful
enough to detect a significant amount of errors in the data.
After each iteration, the CRC is checked and the amount of
errors is computed. If there are no errors, then the algorithm
terminates, else it continues to the next iteration. If I,y it-
erations are reached, then the iteration with the least amount
of bit errors is selected as the best. For simplicity, we do not
consider the impact of the CRC code on the spectral efficiency.

IV. GAMP RECEIVER FOR FREQUENCY-SELECTIVE
CHANNELS

In this section, we will analyze the implications of fading in
the wireless channel. In this scenario, the receiver requires
Channel State Information (CSI) to perform detection. The
channel frequency response for a given OFDM symbol is
defined as

H = [H(),Hl,...,HN_l] s

where Hy, refers to the complex coefficient associated with the
kth subcarrier. If the Cyclic Prefix (CP) is longer than the
Channel Impulse Response (CIR) length, then the received
signal can be defined in the frequency domain as

19)

Y, = XiH, + Ny. 20)
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This allows the use of simple, single-tap equalizers such as
the Zero Forcing (ZF) equalizer to invert the channel effects.
With ZF, the equalized signal is given by

nl
.y

Xy = —. 21
k e 21

Although there can be numerical issues in ZF if Hy — 0, we
will show that this problem can be mitigated by using soft
decisions. In general, obtaining CSI at the receiver can be
difficult when low-resolution ADCs take place. However, it
has been shown that GAMP-based approaches can achieve
excellent performance even when only imperfect CSI is avail-
able [27], [28]. A deep learning-based receiver [29] was also
compared favorably to GAMP techniques for channel estima-
tion. In this work, we are concerned with the impact on data
detection, and as such will consider, without loss of generality,
that the CSI is obtained prior to GAMP decoding.

Due to the multi-carrier nature of OFDM, subcarriers af-
fected by strong fading may result in lost information bits.
For this reason, Forward Error Correction (FEC) is always
used with OFDM in frequency-selective channels. In current
high data rate standards for wireless communication, FEC is
implemented via turbo convolutional Codes, polar codes, and
Low-Density Parity Check (LDPC) codes [25]. Although each
code differs in implementation, structure, and error-correcting
capabilities, we will limit our analysis to LDPC codes, which
can be trivially extended for other types of codes.

The encoding process of an LDPC code is where most of
the computational complexity associated with the code lies,
and can be reduced by using appropriate parity matrices.
As an example, the parity matrix, Hp from [26], which is
comprised of Np = 2016 and Kp = 1008 variable and parity
check nodes, respectively, with a code rate R = 1/2. Decoding
is performed using the well-known Soft-Input, Soft-Output
(SISO) Belief Propagation (BP) decoder, which takes as in-
puts the bit-wise reliabilities, as opposed to the decided bits,
which can be expressed as the Log-Likelihood Ratio (LLR)
for each bit. The LLR of the mth bit is defined as

_|H?

L, ~
" 201\2,

R (X% —X) - T (X — X)),

(R (%= X¢) + T (% - X,)
(22)

where Xk1 and X,? are the closest symbols to X, where bit
m is equal to 1 and 0, respectively. Since we multiply each
LLR by |Hi|?, if H — 0, then L; — 0, which means the
bits associated with the kth subcarrier cannot be correctly
detected.

Additionally, the LDPC SISO decoder also outputs an up-
dated vector of LLRs corresponding to the original codeword.
This optional output requires no additional complexity, as it is
a byproduct of BP decoding, and can be used in iterative re-
ceivers, such as the Bussgang receiver, to improve the quality
of the estimate used in the next iteration.
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A. IMPERFECT CSI

The detection performance of the receiver is strongly depen-
dent on the accuracy of the CSI. We consider that the receiver
may not have perfect CSI, with the channel matrix available
at the receiver being defined as

Hy = pHy + €. (23)

where p € [0, 1] is a correlation factor with the ideal channel,
and €, is an error term that follows a Gaussian distribu-
tion A (0, 1 — pz). This model was shown to be accurate for
modeling channel estimation errors in the receiver [30]. For
convenience, we express the error variance in decibel (dB),
defined as

or = 10log;, (1 — p?). (24)

When imperfect CSI is considered, the receiver utilizes I:Ik, as
opposed to H, in the calculations.

V. CODED GAMP
To handle frequency-selective channels, we modify the pre-
vious algorithm to take into account the CSI. This modified
GAMP behavior is described in Algorithm. 2. This modifica-
tion includes incorporating H as part of the linear transforma-
tion matrix, which can only be done due to the nonlinearity
being present at the receiver, unlike [9], [10] where the non-
linearity is at the transmitter. Although this process introduces
additional complexity due to channel multiplication, it should
be noted that other iterative receivers, such as Bussgang
receivers, may also require multiple channel inversions to
perform the data detection, depending on the equalization
scheme.

At the end of step 4, the SISO decoder is executed using the
bit LLRs, which are computed as

. 1 A N
LY ~ m R (Ve =VHY+T (Vi = V)

R (Vi =V +T (V= V), (25)

where Vkl and Vk0 are the closest symbols to Vk, where bit m
is equal to 1 and 0, respectively. In this fashion, the decoding
step can also be used as an early stop condition for GAMP,
when all parity checks are met. For this application, the high
error-detecting capability of LDPC codes is extremely useful.

As is the case for the Bussgang receiver, GAMP can also
take advantage of the optional coded output of the SISO de-
coder to improve convergence speed. This requires rewriting
the a priori symbol probabilities P(Di|‘7k, w’)as [31]

log, (M)—1 L/i )
A \% 7 5
PO =[] 3 <1 + by, tanh 7’) . Q6
j=0
where LJC is the coded output of the SISO decoder for the jth
bit of the kth symbol, and Z)k,j is defined as
- 1, br,j =0
b j = { 1 b

, 27
b =1 @7)
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Algorithm 2: Coded-GAMP Receiver.
Given a nonlinearly distorted received signal in the
time domain, y”l , and CSI H, produce an estimate, X,
of the original transmitted data X.

1) Initialization
i = 1,X(1) = Oyo,,1,8(0) = Oyo, 1, ¥ (1) = 1no, 1
2) Output linear step

NOs—1
Wi =55 2 1o
k=0
NOs—1
piy=>_ (ERHX () — pP (), — 1), Vn
k=0

3) Output nonlinear step
Sn(i) = (1= B)§ali = 1)+ Bgouw (Pu(i), nP (i), Yi'), ¥n
p (D) = (1 = By py i — 1)
D
= B 8ou (Pu(), 17 (0), ). ¥
Pn
4) Input linear step
X)) = (1= B)X(i — 1) + BXi (i), Vk

RS\
= \So- 2 m) vk
s

n=0
NO;—1
Vi(i) = X)) + s DHF Y Fadai), Yk
n=0

5) Input nonlinear step

Xl + 1) = gin (W), 1y (1)) , Y&

d N
pui+1)= — M,Y(nﬁgm (Vie(i), e (D), VK
k

where by ; is the jth bit of the kth symbol. In this calculation,
“l‘? is implicit in the previous LLR calculations.

A. COMPLEXITY ANALYSIS

The complexity of GAMP can be characterized per iteration,
with total complexity depending on the expected number
of iterations. For simplicity, we consider that an arithmetic
operation between two real variables consumes 1 flop, with
complex variables requiring 2 flops. We can divide an iteration
into 4 steps, as was previously shown, numbered between 2
and 5, since step 1 is the initialization.

Step 2 requires computing an average of real numbers,
which costs NOy flops, performing an IFFT of length NOj,
with complexity depending on the architecture, multiplying
the channel matrix, and a complex vector-wise multiplication

VOLUME 5, 2024

TABLE 1. Summary of the Complexity in Each Step of GAMP, per Iteration

GAMP Step Complexity (flops)
Step 2 IFFT4+8NOg
Step 3 [9], [10] NO4(3+ 18N, + 3N2)
Step 3 IQ NOs(5+ 24Ny)
Step 4 FFT+1 + 13N O
Step 5 N(28M —4)
Step 5 Coded Decoding+10N logy (M)
Total GAMP 1+ NOs(26 + 24N, ) + N(28M — 4)
Total Coded GAMP | 1+ NO4(26 + 24N, ) + 10N logy (M)

and subtraction, which costs an additional SNO; flops. The
total for this step is 8N Oy flops.

Step 3 requires several computations. In [9], [10], the to-
tal complexity for this step is NOs(3 + 18N, + 3Nxz). In this
work, we considered a rectangular nonlinearity, which allows
for a reduction of complexity in this step. The normalization
in (15) requires NO;N, for the integration, and 6N, flops to
calculate the exponent. The exponential is usually sourced
from a stored Lookup Table (LUT) and requires no flops [33].
Taking into account (16), this step requires 2N O5(8N, ) flops.
The expectations (13) and (14) require 2N O4(2 + 2N, ) flops
in total. The nonlinear output step (12) requires the same
number of flops. The variance (18) requires NOy(3 + 4Ny).
The total number of flops in this step is NOg(5 + 24N,).

Step 4 is similar to step 2, with an additional damping
calculation that consumes 6N Oy flops. The average requires
1 + NO;, due to the mean and negative fraction, and multi-
plying by the conjugate channel matrix requires NOy flops.
The updated probability requires an FFT of size NO; and an
additional SNO;g flops. The total for this step is 1 4+ 13NO;
flops.

In step 5, the complexity of calculating the likelihood
depends on which definition is used. For (10), it requires
computing M exponents, each requiring 6 operations and a
sum of M complex terms in the denominator. The total is
8 M, assuming that the exponential requires no flops. The ex-
pectation in (9) requires N(12M — 2) flops since subcarriers
beyond N do not carry data, and the variance (11) requires
N(16M — 2), where M is the constellation size. In total, this
step requires N (28M — 4) flops.

For coded GAMP, step 5 requires calculating the approx-
imate LLRs for each bit. This consumes 6N log, (M) flops.
Calculating the likelihoods in (26) requires a tanh, which can
be sourced from an internal LUT at no flop cost, and an
additional 4N log,(M) flops. The decoding complexity will
depend on the chosen decoder structure.

Table 1 summarises the complexity of each GAMP itera-
tion.

From this analysis it is clear how certain variables define the
computational complexity of each GAMP step. In step 3 it is
clear how the proposed IQ GAMP can achieve a much lower
complexity than previous works, as it scales with NONy,
as opposed to N OSNXZ, allowing for much faster numerical
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FIGURE 2. BER as a function of the E, /N, for 64-QAM OFDM system with
Ryt = 3, compared with a conventional ZF, Bussgang receiver, and GAMP
with N, = 256.

integration. The term M in step 5 should also be noted, as for
very large constellations it may exceed the complexity of step
3, if NOy is low enough. In coded scenarios, the complexity of
this step is lower due to using approximate LLRs, discounting
the decoding complexity. The complexity of the other steps is
dominated by the DFT, which is implementation-dependent.

Since each iteration decodes the codeword, the per iteration
complexity of GAMP is increased by the decoding complex-
ity. Performing I,o.x GAMP iterations will require I, times
more decoding operations. In the case of LDPC codes, most
of the complexity lies in the encoding phase.

VI. PERFORMANCE RESULTS

In this section, we present the performance evaluation of the
proposed receiver through a set of Monte Carlo simulations.
We consider a transmitter with an ideal DAC that does not
introduce distortion in the transmitted signal. Unless specified
otherwise, the results were averaged over 1000 OFDM symbol
realizations.

A. AWGN CHANNELS
In this subsection, we present the BER performance results
of the proposed GAMP receiver considering ideal AWGN
channel. The BER is presented as a function of Ej /Ny, which
is the ratio between the average bit energy and noise power
density. The GAMP’s performance is compared with an ideal
receiver with infinite precision and no saturation effects, a
conventional ZF equalization scheme with a non-ideal ADC,
and a Bussgang noise canceling receiver [32] using Iy it-
erations. It is considered that all receivers operate with the
same oversampling factor. The GAMP damping factor was
set to B = 0.7 to improve convergence at the cost of more
iterations, while N, was set at 256 for 64-QAM, and 512 for
256-QAM. We consider ADCs with two values of Ay, and
different resolutions. The Ay, values were selected to assure
the lower distortion level for a given ADC resolution.

Fig. 2 presents the BER performance of different receivers
for a 64-QAM OFDM system with N = 512 and Os = 4. The
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FIGURE 3. BER as a function of the E, /N, for 64-QAM with Ry; = 4,
compared with a conventional ZF, Bussgang receiver, and GAMP with
Ny = 256.

ADC is parameterized with Rp; = 3 bits of resolution and
variable saturation levels.

From the figure, it can be noted that the presence of the im-
perfect ADC significantly degrades the detection performance
of the conventional ZF receiver, regardless of the considered
Agar. For Agr = 802, where 02 = var[X;] /2, the ZF presents
a high BER floor. For a target BER of 107, the performance
loss of the GAMP and Bussgang receivers relatively to the
ideal receiver is approximately 13 dB. For Ay, = 402, the
nonlinear distortion due to signal clipping is larger, while
the quantization noise for the signal below Ay, is reduced,
compared to the previous case. The Bussgang and GAMP
receivers take advantage of this fact to improve performance,
reaching a target BER of 107 at 9 dB of Ej/Ny from the
ideal receiver, i.e., a 4 dB reduction over using a larger Ay .
The similar performance of both receivers indicates that the
nonlinear distortion present in the signal is being successfully
mitigated.

Fig. 3 presents the BER results with Ry; = 4. From the
figure, it is interesting to note how a single bit drastically
affects the performance of all receivers. When Ay, = 802,
the ZF receiver achieves a BER floor close to 10e-4, while
the Bussgang and GAMP receivers significantly outperform
it, achieving the target BER of 10e-4 at an additional 5 dB
of Ep/Ny, compared to the linear case. For Ay, = 462, the
conventional receiver cannot recover the signal at all, whereas
Bussgang and GAMP perform only 3 dB worse than the ideal
receiver. In this situation, there is no clear advantage to us-
ing GAMP over Bussgang, however, this is not the case for
higher-order modulation. Fig. 4 shows the BER performance
for 256-QAM with Rp;; = 4. For a larger constellation, we
have increased the bit resolution to Rp;; = 4, without changing
the remaining parameters. When Ay, = 802, the Bussgang
and GAMP receivers can achieve a target BER of 10~ at the
cost of approximately 12 dB in E};,/Ny. However, for the lower
saturation value Ay, = 402, Bussgang receiver does not reach
the target BER, while GAMP can achieve the target, while
requiring only 6 more dB of Ej;/Ny than the ideal receiver,
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FIGURE 4. BER as a function of the E, /Ny, for 256-QAM with R;; = 4,
compared with a conventional ZF, Bussgang receiver, and GAMP with
Ny = 1024.

making this receiver a more effective option for this scenario.
The poor performance of Bussgang is due to its limited dis-
tortion cancellation performance for large constellations, as it
relies on estimating the transmitted signal. Comparing with
Fig. 3, GAMP enables a receiver with an ADC resolution of
Npirs = 4 to support 256-QAM, at the cost of approximately
6 dB in E;, /Ny from an ideal 256-QAM system.

B. FREQUENCY-SELECTIVE CHANNELS WITH PERFECT CSI

For the following results, we consider a highly frequency-
selective channel where the channel frequency responses Hj
are modeled by a complex random variable. This channel
is randomized for each OFDM block transmission. We also
consider A R = 1/2 rate LDPC code with Np = 2016 and
Kp = 1008 is used to cope with the selective channel [26],
where coded bits are interleaved randomly within each OFDM
symbol. Due to the code gain of the LDPC, the GAMP damp-
ing parameter was increased to 8 = 0.85, and N, was set to
64 and 256 for 64-QAM and 256-QAM, respectively. The
symbol error rate (SER), which is defined as the probability
that an OFDM symbol has at least 1 incorrect bit, is selected
as the performance metric. This metric is commonly used to
compare performance when block-based FEC is employed,
due to the error propagation that can occur when a block
cannot be decoded. As such, this metric is a better measure
of the actual performance. For these simulations, a target SER
of 10~2 was chosen. For the results in this section, we utilized
a larger number of subcarriers, N = 1024.

Fig. 5 presents the SER of different reception schemes
considering an ADC with Ry,; = 3 bits of resolution.

As can be observed from the figure, the addition of channel
coding allows the conventional receiver to perform adequately
even for Ry; = 3. In this case, the code gain is sufficient to
compensate for the nonlinearity, except in the case of low Ay,
where only GAMP can achieve an acceptable SER.

In Fig. 6 is presented the SER considering Rp; = 2.

From the figure, the GAMP performance benefits are clear,
since the GAMP receiver presents a much better performance
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FIGURE 5. SER as a function of the E, /N, for 64-QAM with Rp;; = 3, for
Bussgang and GAMP receivers with Ny = 64 and 8 = 0.85.
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FIGURE 6. SER as a function of the E,/N,, for 64-QAM with Rp;; = 2, for
Bussgang and GAMP receivers with Ny = 64 and 8 = 0.85.
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FIGURE 7. SER as a function of the E, /N, for 256-QAM with R,;; = 4, for
Bussgang and GAMP receivers with Ny, = 256 and g = 0.85.

than the Bussgang receiver. The ZF receiver was omitted due
to its SER being 1 for all E;/Np in this scenario. For Ay, =
402, only the GAMP receiver achieves the target SER of 102
at an E;, /Ny of 12 dB, which is a loss of only 6 dB relatively to
the ideal receiver. For Ay, = 802, neither receiver can achieve
an SER lower than 1 due to the higher quantization noise.
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FIGURE 8. SER as a function of the E, /Ny, for 256-QAM with Ry;; = 3,
compared with a Bussgang receiver, and GAMP with Ny = 256 and
B =0.85.

TABLE 2. Comparison of the Median Number of Iterations Required for
Convergence, Considering Different System Configurations

System parameters Median Number of Iterations
64-QAM@25dB O; = 4 9
LDPC 64-QAM@15dB Os = 4 4
256-QAM@28dB Os =4 14
LDPC 256-QAM@17dB Os = 4 6

Fig. 7 presents the SER for a 256-QAM system, using
Rpi; = 4. As was the case for 64-QAM, the coding gain
allows the conventional receiver to perform well with only
Ry, = 4 bits of ADC resolution. The GAMP receiver can re-
cover the signal even for low A, though it performs worse
for higher A,

Fig. 8 shows the SER considering Ry; = 3.

The performance of the ZF receiver was omitted for clarity,
as the SER was 1 for all E,/Ny. In the uncoded case, it was
necessary to increase the ADC resolution to maintain perfor-
mance. With the LDPC, however, Bussgang shows a modest
improvement, though it cannot reach an SER below 1072,
The GAMP receiver can achieve a much better performance,
reaching the target SER of 10™2 at only 5 and 6 dB of Ej;,/Ny
from the linear receiver, with Ay, = 462 and Ayy = 802, As
was seen in previous results, GAMP performs better when
the saturation value is lower due to the increased clipping. It
should be highlighted that this is the same ADC resolution as
shown in Fig. 5, which demonstrates how GAMP can support
256-QAM even when the ADC was selected for 64-QAM.

An additional benefit of combining the LDPC decoding
within GAMP iterations is the reduced number of iterations
necessary for convergence. Table 2 compares the median
number of iterations for both receivers considering the various
simulated scenarios.
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with Ry;; = 3, of GAMP with N, = 256 and 8 = 0.85.

The addition of LDPC decoding can reduce the necessary
iterations by up to 56%, greatly reducing the total complexity
of iterative GAMP over uncoded implementations.

C. FREQUENCY-SELECTIVE CHANNELS WITH IMPERFECT
csi

In this section, we consider the impact of imperfect CSI on the
proposed receiver. We consider the coded scenarios from the
previous section. The CSI error is represented by the variance
of, which was defined in (24). In fig. 9 we present the SER of
64-QAM for Ry;; = 2 and imperfect CSL.

From the figure, we observe that for o = —24 dB,
GAMP’s performance is only about 1.5 dB worse than the
ideal CSI scenario. For o = —21 dB, results in a perfor-
mance degradation of approximately 4 dB, assuming a target
SER of 1072, With oy = —18 dB, the SER is significantly
higher, and the target SER of 1072 is not achieved within the
simulated Ej, /Ny range. Fig. 10 shows the SER for 256-QAM
with Rp;; = 3 and imperfect CSI.

From the figure, it can be observed that a higher-order
constellation shows a higher sensitivity to CSI errors. For
op = —24 dB, there is a slight degradation of approximately
1.5 dB in E},/N, for the target SER 1072, At o = —22 dB,
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the degradation is significantly high, at approximately 5 dB of
E}, /Ny, for the same target. For CSI error variances o > —21
dB, the receiver does not reach the target SER.

VII. CONCLUSION

In this work, a GAMP receiver that is usually designed to cope
with transmitter-side nonlinearities was employed to handle
receiver-side nonlinearities. It was shown that GAMP can
be used to support high-order constellations even when the
resolution of the ADC is low. This is explained by the fact
that GAMP can take advantage of the nonlinear distortion as-
sociated with the clipping effects of the ADC. In the presence
of channel fading, the proposed LDPC coded GAMP receiver
was able to mitigate the distortion from the ADC, even in the
presence of channel estimation errors. As such, the GAMP
receiver can be an interesting option for improving detection
and supporting high-order QAM when using low-resolution
ADCs.
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