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ABSTRACT In this paper, two techniques to compensate inphase/quadrature-phase imbalance (IQI) are
investigated in the uplink-quantized massive multiple-input and multiple-output systems for different models
of randomized IQI parameters. One is referred to as combined-signal-based channel estimation and compen-
sation (CCEC) and the other is denoted by effective channel estimation and compensation (ECEC). First, an
independent automatic gain control (AGC) scheme is proposed to calibrate the dynamic range of both the I
branch and the Q branch. By doing that, different quantization steps are used for analog-to-digital converters
following the AGCs in these two branches at each receive antenna. Second, considering the impacts of both
quantization and IQI, we give the details of channel estimation and IQI compensation for both the CCEC
and the ECEC using bilinear generalized approximate message passing (Bi-GAMP). Moreover, to exploit
the Bi-GAMP for ECEC reasonably, we theoretically derive the probability density function (pdf) of the
elements in the effective channel for the case where only RX IQI is considered. Furthermore, we extend the
ECEC to the case where both RX IQI and TX IQI are incorporated into the systems and derive the similar
pdf as well. Finally, we use the numerical results to testify the validity of our theoretical analysis and the fact
that the analytic PDF can be approximated by a Gaussian distribution when the IQI parameters are relatively
small. Compared with other classical methods, the proposed methods can obtain better performance based

on the Monte Carlo simulation results.

INDEX TERMS Massine MIMO, IQ imbalance, low-resolution ADCs, AGC, Bi-GAMP.

I. INTRODUCTION

Being a promising candidate technology for fifth-
generation (5G) communication systems, massive multiple-
input and multiple-output (MIMO) is capable of providing
more spatial degrees of freedom (DoF) and high transmis-
sion rate by deploying hundreds of antennas at the base
station (BS) [1]-[5]. Accordingly, from the implementa-
tion perspective, the same number of analog-to-digital con-
verter (ADC) pairs are needed for these antennas. Meanwhile,
it has been demonstrated in [6] that ADCs with more output
quantize bits consume more power. To reduce the power
consumption surge, as mentioned in [7], it is anticipated
that the use of low-resolution ADCs is economical and in
accordance with the concept of green-communication for cur-
rent massive MIMO systems. However, radio frequency (RF)
impairments, which are inevitable in practical systems,
result in unexpected in-phase/quadrature-phase imbal-
ance (IQI) and degrade the performance of baseband signal

processing [8], [9]. To be concrete, as mentioned in [10], the
impacts of IQI are one of the main problems in quantized
massive MIMO systems [11], [12]. Assuming that the same
quantization step is used for both in-phase and quadrature-
phase branches, the branch with much lower average ampli-
tude suffers more drastic distortion. Moreover, the phase
mismatch between the real and the imaginary parts may
invert the sign of the signals. Therefore, it is necessary for
the quantized massive MIMO to compensate the impacts of
IQI, which motivates us to construct the work in this paper.
In the following IQ imbalance and IQ mismatch are used
interchangeably.

A. RELATED WORK

Massive MIMO with one-bit ADCs was first introduced
in [13] where the maximum ratio combination (MRC) and
the zero forcing (ZF) detectors were exploited. As an exten-
sion of this work, [14] discussed the performance in terms
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of achievable rate for the high-order modulations with low
resolution ADCs. Although the MRC and the ZF detectors
are concise for implementation, their performance is inferior
to the recent techniques proposed in [7] where a data-aided
channel estimation method is used to achieve a better perfor-
mance. The performance analysis for massive MIMO systems
including low-resolution ADCs or one-bit ADCs was given in
[15]-[19]. Low-resolution ADCs were recently introduced to
millimeter wave communication systems in [20]-[23] and to
wideband MIMO orthogonal frequency-division multiplex-
ing (MIMO-OFDM) systems in [24]-[26]. To compensate
the performance loss due to the use of low-resolution ADCs,
[10], [26]-[28] offered a mixed-ADCs architecture where a
few low-resolution ADCs are replaced by the high-resolution
ADCs. However, these works did not investigated the impacts
of IQI and assumed that the channel state information (CSI)
is exactly known at the receiver. In fact, it is difficult to
acquire the perfect CSI in practical systems, particularly in
the systems with low resolution ADCs. To this end, [7], [15],
[22], [29]-[31] discussed the channel estimation when low
resolution ADCs were considered. To the best of our knowl-
edge, [32]-[34] investigated the downlink massive MIMO
with low resolution ADCs. Gokceoglu et al. in [32] and [33]
studied the spatio-temporal waveform design for the down-
link massive MIMO and MISO with 1-bit receivers. With low
resolution ADCs, hybrid precoding schemes were explored
in [34].

Concerning IQI, investigated early in [35] and [36] for
MIMO-OFDM communication systems, recent work can be
found in [11], [12], [37], and [38], where some advanced
IQI compensation methods were studied whereas the quan-
tization was not involved. Zarei et al. [11] developed an 1QI
aware widely linear minimum mean square error (LMMSE)
receiver for channel state information (CSI) acquisition and
data detection in a single-carrier uplink multi-cell massive
MIMO systems. To theoretically analyze the impacts of 1QI
parameters on the sum rate of systems, the authors assumed
that these IQI parameters are known at the receiver side.
Kolomvakis et al. [12] provided a novel low complexity pilot-
based estimator and IQI compensation scheme. Considering
both IQI parameters and CSI, a joint estimation method was
established in [39] and [40]. Supposing that both the IQI
and the low-resoution ADCs are taken into account at the
transmitter (i.e.,BS), Wang and Zhang in [41] incorporated
a perfect specific transceiver near the transmitter to estimate
the IQI parameters, which demands additional time over-
head for transmitting training sequences between the spe-
cific transceiver and the BS. Additionally, IQI impacts on
the precoding and beamforming technologies were examined
in [42]-[44].

B. CONTRIBUTIONS

Considering the aforementioned works, in this paper, the
channel estimation and the IQI compensation are studied for
quantized massive MIMO systems. Toward this objective,
two methods for channel estimation and IQI compensation
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are investigated. They are referred to as the combined-signal-
based channel estimation and compensation (CCEC) and
the effective channel estimation and compensation (ECEC),
respectively. The CCEC estimates the CSI and performs data
detection using the bilinear generalized approximate message
passing (Bi-GAMP) algorithm, described in [45], by com-
bining the received signal with its conjugated version. On
the other hand, the ECEC estimates the effective channel and
performs data detection by applying the Bi-GAMP algorithm
with the derived probability density function (PDF). To make
the Bi-GAMP algorithm work reasonably for the ECEC, we
also theoretically derive the PDF of the components in the
effective channel. In contrast to [7], where perfect CSI and
IQI-free case were presumed, we remove these assumptions
and consider a more general case in this paper. Based on the
work in [11], [12], and [37], we further take the impacts of
quantization errors into account and compare the proposed
methods with the schemes mentioned in there. In summary,
our contributions in this paper are explained as follows.

« An independent automatic gain control (AGC) scheme
for each receive antenna is proposed. For the sake of
clarity, we further elaborate on the implementation of the
independent AGC scheme. Compared to the common
AGC used in [7], the proposed AGC scheme has advan-
tages to ease the degradation caused by the amplitude
imbalance between the I branch and the Q branch, par-
ticularly when the amplitude imbalance is severe. The
main reason is that the ADCs at the I branch and the
Q branch can efficiently use the limited quantization bits
by adopting the different quantization steps.

o Two efficient channel estimation and IQI compensation
methods are constructed for quantized massive MIMO
systems. In addition, a new pilot matrix is designed to
avoid the signal self-interference arising from IQI during
the channel training stage. To guarantee the performance
of channel estimation, a modified Bi-GAMP algorithm,
which incorporates the impacts of quantization errors,
is utilized. For the case where only RX IQI is consid-
ered, the CCEC method is proposed to complete channel
estimation and data detection by combining the received
signal with its conjugated version before performing the
CCEC. Although the combined signal can remove the
impacts of IQI, it brings a problem that only the real
part of the received signal is exploited. To fully use the
received signal, the effective channel, in which the 1QI
parameters and the CSI are included, can be estimated
using the modified Bi-GAMP on condition that the PDF
of the elements in the effective channel is known. We
then theoretically derive this PDF and introduce the
ECEC method when RX IQI is considered. For the case
where both RX IQI and TX IQI are incorporated, we also
derive the similar PDF and extend the ECEC using the
modified Bi-GAMP algorithm.

o The numerical results are used to certify the validity of
our analytic results. Based on these results, the theoreti-
cal PDF can be approximated by a Gaussian distribution
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when the IQI parameters are relatively small. For the
case where the IQI parameters are large, Laplace dis-
tribution is suitable for approximation. To demonstrate
the performance improvement of the proposed methods,
we compare them with other techniques used in the
recent works through the Monte-Carlo simulation. By
doing so, from the viewpoint of bit error ratio (BER) and
normalized mean square error (NMSE), the proposed
methods can obtain better performance.

1) ORGANIZATION

The rest of the paper is organized as follows. We introduce
the system model of quantized massive MIMO with IQI in
Section II. Our proposed independent AGC and quantiza-
tion scheme are discussed in Section III. The techniques of
channel estimation and IQI compensation are described in
Section IV for the case where only RX IQI is considered.
For the case where both RX IQI and TX IQI are considered,
the methods of channel estimation and IQI compensation
are described in Section V. Simulation results are shown in
Section VI, and the conclusion and future work are presented
in Section VIIL.

2) NOTATION

Throughout this paper, boldface lower and upper case let-
ters indicate column vectors and matrices, respectively. Iy
denotes the N x N identity matrix. Oy «x denotes the N x K
all-zero matrix. diag{ay, - - - , ay} is a diagonal matrix with
ai,--- ,ay on the main diagonal. A" AT A* and A~!
denote the conjugate transpose, the transpose, the conjugate
and the inverse of A, respectively. In addition, a;; is the entry
at the ith row and the jth column of A. We denote by a, the
nth row vector of A. [a] denotes the minimal integer no less
than a. fR(a) and J(a) indicate the real and the imaginary parts
of a, respectively. E (§) and V (£) represent the expectation
and variance over a random variable &, respectively.

Il. SYSTEMS MODEL

To model the IQI at the transmitter and/or the receiver, an
asymmetrical fashion described in [46] is used. This model
states that the mismatches of amplitude and phase appear at
the Q branch while the I branch works in an ideal behavior.
As considered in [11], it is assumed that the IQI parameters
are invariant during one transmission block and vary among
different blocks. Throughout this paper, we focus on the
single-carrier uplink single-cell massive MIMO scenario, as
illustrated in Fig. 1, in which K single-antenna users simul-
taneously deliver their data to the BS deploying N antennas.
At the kth transmitter, ¢ T and gx T are used to denote the
phase and amplitude mismatches, respectively. As shown in
Fig. 2, ¢n.r and g, r represent the phase and amplitude mis-
matches at receive antenna # in the similar way. Apparently,
we have ¢ T = 0 and g¢ T = 1 for perfect IQ matching at
transmitter k along with ¢, r = 0 and g, r = 1 for perfect
IQ matching at receive antenna n.
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FIGURE 1. Block diagram of the transmitter and receiver affected by 1Q
imbalance. The independent AGCs and low-resolution ADCs are involved.
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FIGURE 2. Block diagram of the independent AGC for the nth receive
antenna. Note that | e | indicates the envelop of signals. The | and
Q branch are working simultaneously with perfect synchronization.

A. IQ IMBALANCE AT THE TRANSMITTER

In this part, the signal expression corrupted by the IQI is
given at the transmitter according to the procedures showing
at the top of Fig. 1. The data expected to be transmitted by
user k are denoted by xi[i] at time index i. xx[i] satisfies
E[x¢[i]] = 0 and E[|xg [i]|2] = 1 and is randomly selected
from a constellation denoted by A in which each point com-
prises Q bits. As proving in [46], when TX IQI is consid-
ered at user k, the transmitted signal xi[i] can be obtained
according to

%klil = G xe[i] + Gogxie[i]*, (1

where G ¢ = (14gx,7e:1)/2and Gy x = (1—gi 1e!?1)/2
with g T and ¢ T being the amplitude and phase imbalances
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at user k, respectively. In this paper, we assume that gi 1
follows the uniform & (1 —gmax, T, 1+&max,T) and ¢, T follows
the uniform U (—@max, T, Pmax, T) since Zarei et al. [11], Wang
and Zhang [41], and Hakkarainen et al. [44] chose the values
of ¢r.1 and gi 1 in a proper range randomly and uniformly.
By stacking X [i] together for all users, we have

X[il = [}l %olil x[i1]" = Gixlil + Gax*[il,

(2)
where

xlil = [« xli] i)

G| = diag{G1,1,G12, -+, Gk}
and

G, = diag{Gz,1, G22, -+, Go.k },

from which we have the property G| 4+ G, = Ig.

B. 1Q IMBALANCE AT THE RECEIVER

If all users deliver the data simultaneously, X[i] will be trans-
mitted through the wireless channel denoted by H € CV*K.
When RX IQI is not involved, the received signal at the BS
can be expressed as

ylil = HX[i] + w[i], 3

whereH=[h; hy hg ], assumed to be flat-fading
over one block, denotes the channel matrix with h;, = lvlk Vi €
CN*1 being the channel vector from the kth user to the
BS [11]. The components of v, are mutually independent
and identically distributed (i.i.d.) random variables charac-
terized by the complex gaussian distribution CN(0, 1) and
R; = E{h;hf’} = R¢RY represents the channel covariance
matrix [11]. Here we let R; = Iy for convenience. The addi-
tive white gaussian noise (AWGN) is denoted by w[i], whose
elements independently follow the distribution CA(0, o).

If the RF front-ends at the BS are also inaccurate, in the
time-domain, the received baseband signal can be modeled
as [11]

ylil = Kiylil + Koy*[i]
= (KiHG; + Ko H*G3)x[i]
+ (K{HG; + KoH*G)x™[1]
+ (K wli] + Kow[il®) “

where

K; = diag{Ki 1, K12, -, Kin},
K, = diag{K> 1,K22,--- , Ko N}

with K, = (14+gnre1?R)/2and K5, = (1 — g, re?"R)/2
forn = 1,2,---,N. Similarly, g, r and ¢, r denote the
amplitude and phase imbalances at the nth antenna of the BS,
respectively. In this paper, it is also assumed that g r has
the uniform distribution over U(1 — gmax,R, | + gmax,R) and
¢k.r has the uniform distribution over U(—@max,R> Pmax.R)
[11], [41], [44]. From the expressions of K; and K5, we have
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K; + K¥ = Iy. Using the augmented representation given
in [11], (4) can be rewritten as

yli] = PHEX[] + OW[i], 5)
where §[il = [®RGLDT SGEN’], & =
[ratiD”  Sali’]"L Wil = [’ sevin’]”

and the representations of ®, H and E are, respectively, given
by

_[RK +Ky) (K2 —K))
P =15k +Ky)  RK - KZJ’ ()
= [rImE)  —3H)
H=1"m S’i(H)} (6b)
and )
= _ [[FIG1 +G2)  I(G2—Gy) (60)
T L G1+6Gy) NG -Gy

It can be seen from (4) that the received signal y[i] is
impacted by x*[i] interpreted as the self-interference of x[i].
In the frequency-domain, this self-interference causes the
mirror interference expected to be suppressed. Therefore, to
ease the effects of the self-interference is one of the motiva-
tions of this paper, which will be studied in the succeeding
sections.

In fact, although a narrowband system is considered in
this paper, the succeeding investigations can be extended to a
wideband system such as the MIMO-OFDM system. Because
the signal model of (5.43) in [46] has the same form as (4)
except that k in (5.43) denotes the index of subcarrier, it
is worth extending our work to a broadband system if the
quantization is considered. Therefore, this realistic system
with low-resolution ADCs and IQ imbalance is left for the
future work.

IIl. INDEPENDENT AGC AND QUANTIZATION

USING FEW BITS

IQI can cause some problems for quantization. In [7], where
IQI is not incorporated, a common AGC is used to control
the signal amplitude before the signal is divided into I branch
and Q branch. However, due to the IQI, particularly when
the amplitude imbalance is severe, using the same dynamic
range for both I branch and Q branch (e.g., using the common
AGC in [7]) may cause some unexpected problems. When the
amplitude imbalance is severe, i.e., go.R <K 1 (or gor > 1),
itis easy to find that the average magnitude of the quadrature-
phase is much less (or larger) than that of the in-phase.
It has been mentioned that using low-resolution ADCs in
massive MIMO systems is an efficient way to reduce power
consumption. Therefore, adopting the same quantization step
as the I branch, the Q branch cannot distinguish the signals
using limited quantization bits. In other words, the equivalent
quantization bits are inadequate for the Q branch.

To handle this problem caused by amplitude imbalance,
an independent AGC scheme is proposed. As depicted in
Fig. 2, two independent and separated AGCs are used for
I branch and Q branch at each receive antenna. Due to the
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clear analogy in signal processing between the I branch and
the Q branch, we take the I branch as an example to show
the processes of AGC and ADC. In order to calibrate the
dynamic range, a power tracking method, which is carried
out before the AGC and ADC at the I branch, is used to
calculate the signal power within a time interval and control
the output of the AGC accordingly. To this end, a predefined
time window with length L is incorporated to calculate the
average power of the signal (i.e., R(y,[/])) within the time
window at the I branch. Therefore, the moving-average power
can be calculated as

1 i—1 _ 2 .
=Y 1RGP, ifi<L
i =0

%(LPE[:‘ 1+ MGl M
— IRGali — LDI?),

PRIl =
otherwise.

We then use the three-sigma rule described in [47] to
calculate the scaling factor 7R as

R[] = 3,/ PR[i], ®)

with which the AGC can control the dynamic range of the
down-converted signal. Considering the scaling factor at all
antennas, the scaling factor matrix can be written as

QR[i] = diag {nRi1, w8111, - 11} ©)

Similarly, Q'[i] for the Q branch can be obtained by calcu-
lating P}l[i], n=1,2,---,N.Next, the scaled signals at the
I branches for all antennas are achieved by

—1
R[] = (QRm) R1l. (10)

It should be pointed out that the values of elements in §R[/] are
distributed in the range [—1, 1] with high probability before
quantization.

Finally, the quantization of scaled signal is carried out by
the ADC:s at the I branch. The quantized signal, which is fed
forward to the baseband digital signal processing (DSP) at the
receiver, is expressed as

il = 281110 (R111). an

where Q(-) is the element-wise quantization operator on a
floating-point number. For the Q branch, we also have r![i] =
Q'[i1Q (¥'[i1) which is also fed forward to the baseband DSP
at the receiver. Based on rR[i] and r![], the complex signal
in the baseband DSP yields

rli] = r®[i] + jr' L. (12)

In this paper, a uniform scalar quantization with step A is
considered. Supposing that two real-valued b-bit ADCs are
used for each receive antenna, the quantization step A is equal
to 274, For a real-valued ADC and corresponding input 3,
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the final quantized output can be modeled as

y o1 oo2bA o 2PA
nl=——-=|A, if ——<y<—,
A2 2 2
. b b
r=n0@) = {124 ity 22
2 2
n2P A o 2PN
— , ify < ———.
2 2

(13)

Correspondingly, the upper and lower quantization bound-
aries of r in (13) can be determined by a de-quantization

operation
nA
(r > ,+00>,
nA .
—00, —r + 7 , if ¥ = Fmin, (14)

A A
r— '7_, r+ nz , otherwise,
2 2

where rpax and rpip, are the maximum and the minimum
quantization levels, respectively. Eq. (14) will be used in (21)
later. In this paper, we assume that all antennas adopt iden-
tical low-resolution ADCs with b € {1, 2, 3,4}, which is
much more efficient in terms of cost and power consumption
as compared to the conventional massive MIMO systems
equipped with high-resolution ADCs.

In addition, to make analysis more convenient, we adopt
the additive quantization noise model (AQNM) which is
extensively employed in quantized MIMO systems [17], [18],
[23]. Recalling the received signal model in (4) and (5), it is
easy to find that they are consistent with the signal model
described in [17], and then the corresponding quantized sig-
nals can be given by

r(i] = ayli] + e[i] 15)

if r = rmax,

ol =

and
rli] = ayli] + €[d], (16)

where #[i] = [R([i)”  3(li))T]" belongs to C2V*! and
&lil = [MeeliD”  3(eliD]" € CN*1, which denotes the
additive quantization errors vector uncorrelated with y[i]. The
covariance matrix of €[i], as in [17], is characterized by

2
. ~ _Hr o
Tapier = o(1 — e)diag{E{(PHEEH” o + el
(17)

Here it is worth noticing that o is a coefficient whose
value is related to the quantization bit and given by Table
1 when b < 5. For b > 5, the value of « is determined

TABLE 1. « for different quantization bits (b < 5).

b 1 2 3 4 5
0.6366 | 0.8825 | 0.96546 | 0.990503 | 0.997501

VOLUME 5, 2017



Y. Xiong et al.: Channel Estimation and 1Q Imbalance Compensation for Uplink Massive MIMO Systems

IEEE Access

bya~1— %2_2” according to [17], [18] and [23]. From
here on, we will omit the time index for simplicity.

IV. CHANNEL ESTIMATION AND DATA DETECTION
UNDER RX IQI AND QUANTIZATION ERRORS

Based on the discussions in [12] and [41], where the RF front-
ends at the users side are assumed to be perfect, one system
only experiencing RX IQI is considered in this section. By
doing so, the acquisition of CSI and IQI parameters are
investigated under quantization errors. First a pilot matrix
scheme is designed for channel estimation. To compensate
the impacts of IQI at the receiver, the CCEC method is
proposed based on the classical Bi-GAMP algorithm. Finally,
the proposed ECEC method is presented to obtain better
performance.

A. PILOT MATRIX DESIGN
For any coherent detection, the CSI needs to be estimated at
the receiver. Considering the existence of 1QI, the predefined
pilots should be able to estimate the unknown CSI and 1QI
parameters. Supposing that x; € C2X*! denotes the pilot
sequence at the first 2K symbols of one block for user k, we
let Xp = [x] - XIT(]T € CK*2K pe the pilot matrix
which satisfies XPXQI = Ix and prg = 0Ok to guarantee
the orthogonality of pilots among different users. Besides,
the self-interference is expected to be suppressed during the
channel training stage. For this purpose, we suggest a specific
pilot matrix

Xp = [Xl,p

Xop] = [Ik/vV2 jlk/v2].  (18)

Next, the CSI and IQI parameters estimation are discussed
based on the designed pilot matrix and its received version.

B. CHANNEL ESTIMATION AND DATA DETECTION

USING COMBINED SIGNALS

Since TX IQI is not considered, we have G; = Ig and
G2 = 0g. As stated above, X, is used for training at the
beginning of one block. Meanwhile, with L being the data
length, X4 € CX*L is used to denote the data matrix follow-
ing the pilot matrix Xp. Therefore, the signal to be transmitted
within one block can be denoted by X = [Xp Xd]. Con-
sidering the IQ mismatch, noise and quantization errors, the
corresponding received signal R = [R,  Rg] € CV*CK+L)
is given by

R = o (K| HX + KoH*X* + K| W + KoW*) +E, (19)

where W € CV*CK+L) and E € CNV*CK+L) denote the noise
and quantization errors over one block, respectively.

Using the property that K; + K5 = Iy, the combined
signal R can be obtained by adding the quantized signal R
to its conjugated version R* and is given by

R¢ = R + R* = ¢(HX + H*X*) 4+ 2R%(aW + E)
= oHX + 2% (@W + E), (20)
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where H = [2%(H) 23(-H)] € C¥*%X and X =
[Rx)T S(X)T]T € C?KxCK+L) When combined sig-
nal R¢ is used, it is obvious from (20) that the effects of IQI
vanish but at the cost of the imaginary part loss in quantized
signal. Additionally, if combined signal R€ is considered,
only the real parts of noise and quantization errors remain.
It is worth noting that the imaginary part (R + R*) cannot be
directly used because the IQI is coupled in it. According to the
fact that all components in H are selected following a com-
plex Gaussian distribution CA/(0, 1), it can be concluded that
all elements in H have a real Gaussian distribution N O, 1).
In addition, supposing that a square QAM constellation with
M points is used for X, the elements in X can be regarded as
points in the ~/M-PAM constellation denoted by A?.

It is easy to find that (20) is consistent with the generalized
bilinear problem described in [45] except for quantization
errors which can be modeled as additive white noise [48].
Hence, we can modify the Bi-GAMP algorithm therein to
perform the channel estimation and data detection at the BS
side. The details of the modified algorithm are described in
Algorithm 1, which is referred to as the proposed CCEC when
the combined signal is used.

In Algorithm 1, ¢ and Tyax denote the current iteration
index and the maximum number of iterations, respectively.
The value of Trax is 100 in [7]. In fact, the Bi-GAMP algo-
rithm can converge after 20-30 iterations although it shows
a slow convergence at low SNR regime. € represents the
stopping condition based on the normalized change in the
residual. And B8 € (0, 1] is a damping factor used for avoiding
the divergence of this algorithm. The value of 8 is 0.3 in [49].
Here, we provide some explanations about this algorithm and
omit the iteration index for brevity.

First, the operations in lines 9-10 calculate the posterior
mean and variance of z, ;. Referring to [10] and operation
(14), we have

fQ’l(rﬁ,ﬂ 2t CN Gu 1 Puts Vi ) 21
Jo-1ae ) CNGots Pty Vi Az 1
Jo-1e Vo — 2t PCN Gt prts Vi ) 2t
ml = Jo-14e ) CN Gt s Vi A 2ns

by which vfl’ ; and Sp,1 in lines 11-14 can be obtained. Consid-
ering that the integrations in (21) make the computation more
complex, some simplifications are needed for practical imple-
mentation. If regarding the quantization errors as AWGN and
referring to [45], we can get

A

Zn,l =

) (21a)

v , (21b)

¢, — Pni
St = (222)
n,l + Y
v, = L (22b)
Vot T Y

where y = 4 (0.505202 + o‘f) and qu denotes the variance
of quantization error. Without integration, the computational
complexity of (22) is reduced significantly.
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Algorithm 1 Bi-GAMP-Based Channel Estimation and Data
Detection

Input: C()AmpensAated observations R, pilots X,

Output: H and X4
1: Initialize: 8, €; Vn, [: §n 1(0) = 0,73 ,(0) = 0, ¥, ,(0)
0, ,0) = 0; 3 23K, %, &2 ¥, Y

2K+L,
=1 >

Vi, k. 1: %.1(0) = 0, %.,(0) = 0,
0, g 1(0) = 1075, % ,(0) = 1
2: fort =1to Tpax do ;
30 VLV (0 = Y04 ek O (0 + V) (0131 (0)]
4 Va1 () = Ba vpl(l)-i—(l —f;)v",(z -1

n,

> 1l

v (0) = 1, Iy 1(0)

550 Y lippi(t)=a) n,k(t)xk,l(t)

6 Vn, Vb () =V (1) + o Y Vi (v ()

7 n, v () = B SO+ - BV, JE=1

8  Vn,l:pni(t) —Pn,l(t) - Sn,l(t - I)Vp’l(t)

9 Vn, 11 2y () = E{zn, ()| P, (1), V’,;,l(t) + 02}

Vi () = Viza 1(0)|pn.i(0), Vi (1) + 0%

Vi) = (1= Vi (/0 () + a2/ (6) +

10:  Vn,l:

11:  Vn,l:
02)

122 Vn,l: vfl,l(t) = ,BV;VLZ([) + 1 - ,B)Vflyl(l‘ -1

130 Vn, 18,000 = (a0 — pua @) /O ,(0) + 02)

14 Vn,l:5,,0) = ﬂ&,bl(t) + (1= B)Ssni(t = 1)

150 Ykt hai(t) = Bhai(0) + (1 — Bt — 1)

16: Yk, 1 X (1) = B () + (1 — B)xp(t — 11)

17 VL () = (a2 S i ()2V l(r))

18 kL =500 (1— a0 X, 0v,,0)

19: Yk, L:Ra(@) = ¢+ av (0, i (08n,(t)

20: if [ > 2K then

21: Vk, I : ;le,l(t + 1) = E{xe 10| 7x.1(2), v,’c,l(t)}

22: Vi, Livi (t+1) = V% 1(0)| 7 1(2), Vi (D}

23:  else

24: Vk, 1 :

25:  end if

26: Vn,k: vq

Vf;,(t D =0; X)) =Fpis

w0 = () e+ DPv; l(t))_1

27 Wk g = ad(n) (1=vE 0 X G+ v, 00)
28 Vi, ko gui(t) =¢ + V,Lk(t)Zl fk,l(t + 1)8,,1(2)

20 Yk gt 1) = g Olan (0, v (1)

300 Yk v (4 1) = Vil e (Dlga i (), v (D)

3t i (2, 2 Pt () =paat =D/ X, Xy 1P <
¢ then

32: stop

33:  end if

34: end for

Next, the operations in lines 21-22 are taken with regard to
the posterior probability

CN Get5 Tty Vi p)

PXx,1) = - .
Z;CI/CJEAP CN(ka, rk,lv v]};’l)

(23)
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Assuming that the square QAM constellation is used, the
posterior mean and variance of X ; can be given by

Yo=Y BaPED), (24a)
Xk EAP

Vi =Y ik — PG, (24b)
Xk EAP

Finally, assuming that the elements in H follow N(0, ah)
and referring to Section III-C in [45], the operations in
lines 29-30 can be simplified as

~ 2
2 qn.k0
ey = ", (252)
Vak T %
qa 2
. Voo
Vi = _mk7h (25b)
s vq + 02
n,k h

We notice that the pilot matrix Xp is known during the
training stage, which differs from [45] in which pilots do not
exists in X. Therefore, the corresponding variances for )N( are
zero, which means vx r, = Oforl < 2K. Additionally, based
on [45], the effects of quantization are incorporated in (21)
or (22). This modified algorithm can be regarded as a data-
aided channel estimation which further used to recover the
unknown data.

As a comparison, we introduce another way to estimate
the channel information and IQI parameters, which is men-
tioned in our previous work in [50]. Based on the received
training sequences in (20) and LMMSE technique, the BS
first acquire the CSI using the combined signal received in
training stage. Next, the BS estimates the IQ parameters via
Least Square (LS) technique using the estimated CSI and
local pilot X,,. Finally, on the basis of estimated CSI and
IQ parameters, the IQ compensation and data detection are
carried out at the BS via LMMSE. The similar work can
also be found in [12] for massive MIMO systems without
quantization errors.

C. PROPOSED EFFECTIVE CHANNEL ESTIMATION AND
COMPENSATION WITH IQI AT THE RECEIVER

As stated previously, the CCEC only exploits the real part
of the received signal, i.e., only R® = 29 (R) is used. To
fully exploit the received signal, in this subsection, an ECEC
method is proposed to estimate the effective channel and
recover the data. Using the property that K; + K5 = Iy,
@ in (6a) can be rewritten as

MK+ Ky SEK:—Kp| _[Iv Oy
*= [S(Kl +Ky) 0K, —KQ)] = |:A B], (26)

where A = diag{a;, az, - - -

with a; = girsin(¢;r) and b; = g;rcos(p;r) for i =

1,2, ---, N. Then the effective channel is defined as
ff £f

B H‘I’z]

H — oH 2 27
HS HS) .
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where H{Il = (H), HT = —3(H), HSf = AR +

B3(H), and HSY B‘R(H) AJ(H). From H* we find
that the elements in H?l and H?gf independently follow the
real Gaussian distribution A(0, 0.5) according to the fact that
the elements in H independently have the complex Gaussian
distribution CN(0, 1).

We subsequently determine the PDF of the elements
in H;flf and Hgl;f Without loss of generality, the arbitrary entry
yijin HS and z; ; in HSY are considered because all elements
in Heff or Heff are random variables. Due to the similarity
between Viij and zi j, only the PDF of y; ; is discussed. If hR
and hl denote the real and imaginary parts of 4; j located at
the lth row and the jth column of H, y; ; is expressed as

Vij = aihy; + bij ;. (28)

Lemma 1: The PDF of y;; is independent of the phase
mismatch ¢; R and is determined by the distribution of g; R,

hR and hI Furthermore, the analytic PDF of y; j is given by
2
1 Yij
|:F 0, 5+
4ﬁgmaX,R gU’R
V2.
Jui 1) = -T (o, 2—’>] ifyij # 0
LR
1 gu R) .
In — 1, otherwise,
2\/Egmax,R <gL,R
(29)

where gL R = (1 — gmax.R) and guR = (1 + gmax R)-
Proof: Please refer to Appendix VIL. ]
In the similar way, we can also conclude that f;,;(z; ;) is
independent of the phase mismatch ¢; r and is given by

2
2
——=)dgir, (30)

1 /gU.R 1 (
exp
2gmax,R SLR /ﬂgiZR 8ir

which can be further simplified to get the same result as (29).
Lemma 2: The elements in Hgflf are mutually independent
and follow the same distribution. The same conclusion can
be obtained for the elements in Hgfzt Moreover, the arbitrary
elementin Hgflf is independent of the arbitrary element in Hgfzf
Proof: Please refer to Appendix VIIL. [ ]

The complicated expression in (29) is not tractable and
requires simplifying. For this purpose, given that gmax r is rel-
atively small (such as gmax,r < 0.2), (44) can approximately

be simplified as
1 /‘yt//gL R 1 2
- —exp(—t)dt
2/ gmax R Jy;j/5ur

-1
@ 1 (yl, iy ) Yij
2\/_gmax R \8L.R 8UR 1 - grznax,R

« exp <_y—f)
2
(1 - gmzlx,R)2

fz,;_,-(Zi,j) =

fyi,j Oi J ) =
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1 yzj
= —exp|——5——=
JT (1 - grr)’

2
(b) 1 ij
X ——exp|l ———= ], 31D
ﬁ(l - g%nax,R) ( a- grznax,R)z)

from which we can see that f, (vi;) approximately
approaches a Gaussian distribution with zero mean and vari-
ance (1— gfnax R)2 /2. Notice that (a) is obtained using a Taylor
series expansion at fy = w and (b) is based on
1 - gzmaxyR ~ 1 when gnyax r is relatively small.

For the case where gmax r is large, the Laplace distribution
is suitable to approximate the PDF of y; ; (or z; ;). Due to the
fact that ]E[h}zj] = 0 along with the independence between
a; and hﬁj, we have E[y; ;] = 0 and

1 gmax
Viyijl = Byl = Ela; (h})*] = = <+ 3R>. (32)

Then fy, (i j) can be approximated by

21y

1
V2V1yijl ( V Vil
which will be verified with numerical results in Section V1.

Considering the effective channel H*'" and the input-output
relationship over one block, (16) yields

R = ¢H*'X + 0 ®W + E, (34)

where R € C2VXQK+L) and E € C2VxCK+L) gre constructed
by I and € over one block, respectively. The effective noise
defined as weff — o dw, where W is any column of W, has
the variance

T getrgerr = o’ E{dww!! o)

Iy Oy
= max . 35
(VRS N

Also, (17) can be rewritten as

a(l —a) Iy Oy 2
e = —  \loy «+ gR max My +oIoy |.

(36)

We notice that, when treating the quantization errors as addi-
tive white noise [48], (34) is consistent with the generalized
bilinear problem described in [45].

Based on the PDF fy, :(y;,j) of each block in H°, some pro-
cedures in Algorithm 1 should be modified to make it work
as we expect. Hence, the input i§ replaced by R and Xp. The

output is denoted by Ao and Xq. Meanwhile we redefine
Z Z Y- In (22), we calculate y = o2 + 02, in which

eff and aq are obtained from (35) and (36), respectively. For
the manipulations at lines 29-30 of Algorithm 1, the estimated
values and variances of the elements in each block should
be calculated using their associated PDF separately. In other
words, when calculating the mean and variance according
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to (25), different U,% should be used for each block in Hf.
For instance, when the estimated values and variances of the
elements in Hgflf are calculated, the PDF in (29) is expected
to be used. Suppose that IQI value is practical small, we
can use (31) for further simplicity and then adopt af
(1- gilax’R)2 /2 1in (25). Other steps in Algorithm 1 can be kept
invariant. In summary, this modified algorithm is denoted by
the proposed ECEC which only need to estimate the effective
channel.

V. CHANNEL ESTIMATION AND DATA DETECTION
UNDER BOTH RX AND TX IQI INVOLVING

QUANTIZATION ERRORS

In this section, we consider a general case that signal is cor-
rupted by both RX IQI and TX IQI. In this case, the combined
signal cannot remove the effects of IQI. Alternatively, the
ECEC method is expected to used.

A. PROPOSED EFFECTIVE CHANNEL ESTIMATION AND
COMPENSATION WITH IQI AT BOTH THE RECEIVER

AND THE TRANSMITTER

The proposed ECEC can be extended to this general case.
First, the PDF of the elements in the effective channel needs to
be derived. Based on this PDF, the modified Bi-GAMP algo-
rithm can be utilized to complete effective channel estimation
and data detection. Using the property that G| + G, = I,
E in (6¢) is rewritten as

= [ﬂt(Gl +Gy) NGz - Gl)} _ [IK C

(G +Gy) NG| —Go) 0x D}’ G7)

where C = diag{cy, ¢2, -+, cx}, D = diag{d;, da, - - - , dk}
with ¢ = —&.T sin(d)j,T) and d/' = gj1Ccos(¢jT) for j
1,2,---, K. By using the similar way in Section IV-C, the
effective channel is defined as

_ Heff Heff

eff _ - A 11 12
o [Hzﬁf w
where HST = 9i(H), HST = S@EDC — SE)D, HS =

ANH)+BI(H) and Hgfzt = (ARMH)+BIH))C+BRMH)—
AJ(H)D. From HT, we find that the components in H¢!f
independently follow the real Gaussian distribution A/(0, 0.5)

according to the fact that the elements in H are independently
distributed in terms of the complex Gaussian distribution
CN(0, 1). The PDF of elements in Hgflf and H‘?;f can be
obtained by the processes given in Section IV-C.

We subsequently need to determine the PDF of the ele-
ments in Heff Without loss of generality, an arbitrary entry
yijin Hg‘g is discussed because the same derivation can be
applied to other elements. From (38), y; j can be expressed as

Yij = (aicj + bidphy; + (bicj — aidj)hj ;. (39)

Lemma 3: The PDF ofy; j is independent of the phase mis-
matches ¢; r and ¢; T and is determined by the distribution of
8iR 8T hl J and hI Furthermore, at the bottom of this page,
the analytic PDF of Yi,j is given by (40) where By £ gL REL.T,

By £ gLrgu.T B3 = gurgLT and By £ gurgu,t with
8L.R = (l_gmax,R)y 8U,R = (1+gmax,R), 8L, T = (l_gmax,T)
and 8U,T = 1+ gmax,T)~
Proof: Please refer to Appendix VII. [ ]
Due to the independence between g; g, gj,7 and hl W
have the mean of y; j as E[y; ;] = 0 and the variance of y; ;
according to

Viyijl = Ely; ;] = Blg; rgi ()%

1 gmaxR gmaxT
1 1 . 41
2(+ : )(+ : ) @)

Considering the effective channel Heft (5) yields

R = oH*"X + ¢« ®W + E, (42)
which has the same form as (34). Therefore, the variances of
the effective noise and the quantization noise are also given
by (35) and (36), respectively. Again, we notice that (42) is
consistent with the generalized bilinear problem described
in [45] when treating the quantization errors as additive white
noise [48].

Based on the PDF f, ; (i,j) of each block in H, some pro-
cedures in Algorithm 1 should be modified to make it work as
we anticipate. Hence, the input if replaced by R and Xp. The

output is denoted by He and X4. Meanwhile, we redefine
PO Ziﬁl In (22), we calculate y = o2 + 02, in which

1 )’t//BZ Vi
— X In =
4ﬁgmax’R |:f37i,_i/31 ¢

+ —1In

1 (gu T) yiz,j yiz,j
r{o, =) -r(o =
2 8L.T B3 B2
2
1 Yij y,j
—1 r{o,—=\)-r
+ > n(gu,REU,T) ( ( Bﬁ) < ))

1 1
— x| =((nBy)? = (InB;)?
4ﬁgmax,R ( 2 ! )

fy,;‘,- (yi,j )=

6380

B4
((ln B4y’ — (InB3)*) + In <B3> In(gu,rgu, T):|

2 2

1 ij 2 1 y yij
—In = exp(—t¥)dt — =1 o, —5|-r ;
n= exp(—1) 3 n(gL.RSL,T) B% B%

i/ B Yi . 40
fyyuj//B: = . exp(— fz)dt] ity; 20 0
By B
—In (—) In(gr rgLT) + In (—3> In <gU—T)
B By 8L, T
otherwise.
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aesz and aqz are obtained from (35) and (36), respectively. For
the manipulations at lines 29-30 of Algorithm 1, the estimated
values and variances of the elements in each block should
be calculated using their associated PDF separately. In other
words, when calculating the mean and variance according
to (25), different U;% should be used for each block in Hf.
For instance, when the estimated values and variances of the
elements in Hg‘g are calculated, the PDF in (40) is expected to
be used. In summary, this modified algorithm is denoted by
the proposed ECEC which only need to estimate the effective
channel and perform data detection.

B. COMPUTATIONAL COMPLEXITY FOR

MODIFIED BI-GAMP ALGORITHM

In order to make the complexity analysis convenient for
each iteration, we assess the complexity in terms of floating-
point operations (FLOPs) used in [51]. It is assumed that the
operation of function exp(-) in (23) can be implemented by a
look-up table. In Algorithm 1, we see that all steps are based
on real-valued operations. In addition, it is easy to find that
the multiplication and the addition of two real numbers need
1 FLOPs, respectively. We denote by L’ = 2K + L the length
of one block and let K/ = 2K, N’ = 2N. Based on these
considerations, the complexity of operations in Algorithm 1
can be calculated as follows.

The operations in lines 3-8 require (7K’ + 12) N'L’
FLOPs. When (22) is adopted, 13N’L’ FLOPs are needed
for lines 9-14. The operations in lines 15-16 demand
(3N/K/ + 3K’L/) FLOPs. For operations in lines 17-19,
(4N’ + 9) K'L’ FLOPs are required. For obtaining the expec-
tation and variance, the operations in lines 21-22 need
4./OK'L’ FLOPs. And the operations in lines 26-28 need
(4L" 4+ 7) N’K’ FLOPs. When (25) is used to get the expec-
tation and variance, the complexity is 6N'K’ FLOPs for lines
29-30. Calculating the terminal condition in line 31 requires
(3N'L’ + 1) FLOPs.

VI. SIMULATION RESULTS AND DISCUSSION
Monte-Carlo simulations are used to evaluate the perfor-
mance of the proposed methods. We also validate our pre-
vious theoretical analysis by comparing it with the numerical
results.

A. SIMULATION PARAMETERS

For the setup, a single-cell system is considered. At the center
of this cell, one BS employing N = 64 antennas serves
K = 16 users, which uniformly distribute around the BS
on a circle with radius of one. Moreover, the BS uses an
uniform linear array (ULA). All antennas at the BS are
assumed to use identical ADCs with equal number of res-
olution bits. In all simulations, We assume that all users
employ the same transmission power py = 1 for Vk €
{k}kK: |- Given an SNR, the noise power can be calculated as
o2 = (Z,’le pk)/(IOO'ISNR). We also make an assumption
that the data sequences transmitted by all users are ran-
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domly selected from the constellation of QPSK when eval-
uating BER performance. In the simulations, the length of
one transmission block is set to be L = 132, at the head
of which 32 samples are used for training. In addition, all
the simulation results associated to BER are averaged over
5000 realizations of the channel and IQI.

60

—©&— Independent AGC]|
— 5 —Common AGC

SQNR([dB]

Number of Bits

FIGURE 3. Signal-to-quantization-noise ratio (SQNR) vs. the number of
bits for proposed independent AGC and common AGC. In this figure, we
set that the amplitude ratio between the Q branch and I branch is 0.2.

B. VERIFICATION OF DERIVATIONS

In Fig. 3, the signal-to-quantization-noise ratio (SQNR) for
proposed independent AGC and common AGC are depicted.
the SQNR in this figure is defined as [6]

SQNR = 101og g —YIF

lIr —yllg
where r is the quantized version of y and || - || denotes
Frobenius norm. To manifest the superiority of proposed
independent AGC, we assume that the averaging amplitude
ratio between the Q branch and I branch is 0.2 and we do not
consider the phase mismatch. From the results in this figure,
it can be seen that our proposed independent AGC scheme
outperforms the common AGC scheme, which controls the
signals amplitude of Q branch and I branch using the same
scaling factor. Regarding various widths of quantization bits,
it can be also seen that our proposed independent AGC is
preferable. Moreover, it is also obvious that one more quan-
tization bit can approximately bring 5.8dB-6dB gain, which
is consistent with the fact about 6.02dB can be obtained
when one more bit is added for the quantizer using uniform
quantization step [6].

In Fig. 4, we show the analytic PDF of elements in
the effective channel H* and the corresponding simulation
results. In this figure, we only consider RX IQI and set
gmax.R = 0.8, dmax k. = 10°. Moreover, “Sim” denotes the
simulation results and “Ana.” denotes the analytic results.
As noted in Section IV-C, the elements in H‘l’flf and H‘l’fzf have
the Gaussian distribution A/(0, 0.5), which are omitted in this
figure. For the elements in Hg‘;f and Hezfzf, their analytic PDFs
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FIGURE 4. PDF of H;flf and H;fzf. Only RX 1Ql is considered. The related
parameters are set by gpay r = 0.8 and ¢pyay g = 10°. “Sim.” denotes the
simulation results and “Ana.” denotes the analytic results.

eff
HZZ

0.35

ﬂ
03 Ana. |

FIGURE 5. PDF of HSH and HEff. Both RX 1Q1 and TX 1Q are considered.
The related parameters are set by gmax g = 0.8, ¢max,r = 10°,
Imax,T = 0.8 and ¢pay 1 = 10°.

are determined by (29) which is consistent with the simula-
tion results. In other words, this consistency demonstrates the
validity of our theoretical analysis. It should be pointed out
that the elements in Hgflf and Hgfzf follow the same distribution,
which can also be verified by the formulations of fy, ;(vi,;) and
Jz,;(zij) in Section IV-C.

When both RX 1QI and TR IQI are considered, in Fig. 5, we
exhibit the analytic PDF of elements in the effective channel
H°T and the corresponding simulation results. Here, we set
gmax,R = 0.8, ®max R = 10°, gmax, T = 0.8 and ¢max, T = 10°.
As noted in Section V, the elements in H?flf have the Gaussian
distribution A/ (0, 0.5). For the elements in H‘fg, their analytic
PDF are determined by replacing gmax,R With gmax,T = 0.8
in (29). Similarly, for the elements in Hgflf, their PDFs are
determined by setting gmax,r = 0.8 in (29). We see that
all analytic results are consistent with the simulation results.
For the elements in Hggf, their analytic PDF are determined
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by setting gmax,k = 0.8 and gmax, T = 0.8 in (40). The
consistency between analytic results and simulation results
demonstrates the correctness of our theoretical analysis.

eff
H2
0.35 T T T T T T T T
O 0oy 71070 =10 7SIM.
03k 0o 710 0y =10 AN
o ‘Dmax,T:o"; ‘Dmax‘R:O‘\: Sim.
0.251 - ¢max‘.r=0 H q)maX‘R=0 :Ana.

FIGURE 6. The PDF of the elements in H;;f for different phase
mismatches. The parameters associated to the amplitude mismatches are
set by gmax,r = 0.8 and gpmay 1 = 0.8.

The results in Fig. 6 certify that the PDF of the elements
in the effective channel H® is independent of the phase
mismatch. Here, we set gmax, R = 0.8 and gmax, T = 0.8. The
results are shown for the case where systems are impacted
by the phase mismatches modeled by ¢maxr = 10° and
@max,T = 10°. As a comparison, we also plot the results
when the systems are not affected by the phase mismatches.
It is obvious that the distribution of elements in the effective
channel does not vary as the phase mismatches are changed
at both the transmitter and the receiver, which is confirmed
by both the theoretical results and simulation results.

0.08 0.2
- 8 - H" sim. - 8 - H" sim.
0.18
0.07 = Real Dist. — RealDist.
Gauss. Approx. 0.16 == Laplace Approx. ||

0.05

o f
{

0.02

-2 0 2
y

FIGURE 7. Gaussian distribution approximation when gy, g = 0.1 and
®max,r = 10° (left) and Laplace distribution approximation when
GImax,R = 0.8 and ¢y g = 10° (right). Only RX QI is considered.

Here only RX IQI is considered. The results in the left
subfigure of Fig. 7 certify that a Gaussian distribution can
be used to approximate the practical distribution when the
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IQI values are practically small. If we set gmax,r = 0.1 and
®max,R = 10°, it can be seen that the Gaussian distribution
can fit the practical distribution well. Much smaller gmax R
can give a more accurate approximation. The results in the
right subfigure of Fig. 7 certify that a Laplace distribution
can be used to approximate the practical distribution when
the IQI values are relatively large. We set gmaxR = 0.8
and ¢max, Rk = 10° to make the amplitude more severe.
The fitness between the practical PDF and the approximated
one leads to the conclusion that we could use the Laplace
distribution to approximate the practical distribution which
has a complicated expression.

C. PERFORMANCE COMPARISON OF CCEC, ECEC

AND OTHER STATE-OF-THE-ART METHODS

Hereafter, the performance of our proposed methods will be
shown. We first give some explanations about some state-of-
the-art techniques so as to compare them with the proposed
methods. The LMMSE without IQI comp. represents that the
LMMSE technique is directly utilized for channel estimation
and data detection by using the combined signal. Taking
quantization errors into account, we also show the IQI com-
pensation method mentioned in [12], which first estimates the
CSI using the combined training signal, and then estimates
the IQI parameters before carrying out IQI compensation.
The LMMSE IQU and LMMSE IQA are referred to [11],
in which more details of these two methods can be found.
It is worth noting that IQI parameters are known for the
LMMSE IQU and the LMMSE IQA when calculating the
auto-correlation matrix and the cross-correlation matrix. For
our proposed CCEC and ECEC, we set § = 0.2, Thax = 90
and e = 107 (in [7] € = 1078 and in [49] € = 1073) in
Algorithm 1 for the succeeding simulation results.

BER[uncoded]
S

—#— LMMSE without IQI Comp.
—©—Ial Compensation [12]

| —F—LMMSE 1QU [11]

10°H —3— LMMSE 1QA [11]

—A— Proposed CCEC

—Q— Proposed ECEC
I I

6 8 10 12 14 16
SNR [dB]

FIGURE 8. BER vs. SNR for different data detection methods using 4-bit
quantization. Only RX 1Ql is considered. The parameters are set by
Imax,R = 0.2 and ¢,y g = 10° for all solid lines.

In Fig. 8, the performance associated with BER is shown
when 4-bit quantization is used for all ADCs. Using the com-
bined signal, the proposed CCEC outperforms the method
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used in [12]. And at the high SNR regime, the proposed
CCEC can obtain more gain. However, as mentioned previ-
ously, using the combined signal results in performance loss
due to the fact that only the real part of received signal is
exploited. In contrast, the proposed ECEC can fully utilize
the received signal and is superior to the proposed CCEC,
which is demonstrated in Fig. 8. Moreover, compared with
the LMMSE IQU and the LMMSE IQA, the proposed ECEC
provides an improvement of BER. Here, LMMSE IQU and
LMMSE IQA almost have the same performance since the
pilots in this study can avoid the self-interference during
the training stage. From the simulation results, the proposed
ECEC can obtain a better performance because it exploits
that property that each block in the effective channel has
different distribution when performing channel estimation
and IQI compensation.

NMSE[dB]

—©— LMMSE [12]
—+— LMMSE IQU [11]
—B— LMMSE 1QA [11]

Proposed CCEC

—&— Proposed ECEC
6 8 10 12 14 16
SNR [dB]

FIGURE 9. NMSE vs. SNR for different channel estimation methods using
4-bit quantization. Only RX 1QlI is considered. The parameters are set by
Gmax,R = 0.2 and ¢,y g = 10° for all solid lines.

From the viewpoint of the channel estimation, in Fig. 9, we
show the normalized mean square error (NMSE) according to

A H-H
NMSE(H) = 10log;o 'O HllF,
|IH]|r
A H _ H
NMSE(Hefr) = 101ogy 1Hefr — Herrl |
[|Hegt| [p

where H (or ﬁeff) denotes the estimated version of H (or
Hefr). We observe from the results in Fig. 9 that the proposed
CCEC can obtain a preferable NMSE than the LMMSE given
in [12] when the combined signal is used during the training
stage. If the effective channel needs to be estimated, the
proposed ECEC also outperforms the LMMSE IQU and the
LMMSE IQA proposed in [11]. Additionally, it can be seen
that a better NMSE is obtained if the effective channel is
estimated from the received pilots instead of estimating the
CSI from the combined pilots, i.e., the ECEC outperforms
the CCEC in channel estimation.

Under RX IQI and the different quantization bits, the
BER results for different methods are depicted in Fig. 10.

6383



IEEE Access

Y. Xiong et al.: Channel Estimation and 1Q Imbalance Compensation for Uplink Massive MIMO Systems

10” D
. 3
o
8
c 10
I=A
é 1
107 N ;
10 —O— IQl Compensation [12] N §
—HB— LMMSE IQA [11] N
Proposed CCEC \
+ Proposed ECEC .
107 T P T T b i i
6 8 10 12 14 16
SNR [dB]

FIGURE 10. BER vs. SNR for different data detection methods. Only RX 1QI
is considered. The parameters are set by 9max,R = 0.1 and ¢may g = 10°.
Results for different quantization bits are deplcted

From these results associated with the proposed ECEC, the
performance of using 4-bit are quite close to that of using
full-bit, particularly at the low SNR regime where noise is
predominant. The same conclusion can be obtained for the
CCEC. Supposing that the resources are limited, employing
4-bit ADCs at each antenna is an acceptable trade-off. For
the case where 3-bit ADCs are employed, we see that a
large performance gap appears at the high SNR regime where
quantization errors are predominant over the noise. If the
quantized signal is used by the receiver, the proposed ECEC
can outperform the LMMSE IQA when the effective channel
needs to be estimated. Likewise, If only the combined signal
is used to estimate the CSI, the proposed CCEC is superior to
the IQ compensation method used in [12].

1ol - - b=3,4 .0
N -~ -~
S
S 3 >
2 ¥ OB b=3 400 XYY
10°% < i
3
=) \ ~
: : on Xm
g 107 Q\ s - A
=5 N -~
4 b : SA g
@ 9 AT TAL
y A b=3.4.00 <
10k 76 A &
\ i AL
\ &
10 \ N —O— IQl Compensation [12]
‘—\ —H— LMMSE IQA [11]
—A— Proposed CCEC
4 + Proposed ECEC
10 i i i
6 8 10 12 14 16
SNR [dB]

FIGURE 11. BER vs. SNR for different channel estimation methods. Both
RX1QI and TX 1Ql are considered. The parameters are set by gax g = 0.1,
Smax,R = 10°, Gmay,T = 0.1 and ¢pmay 1 = 10°. Results for different
quantization bits are depicted.

Suppose that both the RX IQI and the TX IQI are involved
in the quantized MIMO systems, we show the BER results
in Fig. 11. The parameters are set by gmaxr = 0.1,
Omax,R = 10°, gmax, T = 0.1 and @max, T = 10°. In this
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case, it can be concluded that our proposed ECEC can also
outperform the LMMSE IQA when the effective channel
needs to be estimated. Likewise, if only the combined signals
are used to estimate the CSI, our proposed CCEC is superior
to the IQ compensation method used in [12]. From the results
in Fig. 11 and Fig. 10, we see that TX IQI can degrades the
performance using the CCEC or the ECEC. On the other
hand, the LMMSE IQA can obtain the same performance
when TX IQI is considered because the IQI parameters are
perfectly known at the receiver when calculating the auto-
correlation matrix and the cross-correlation matrix in [11].

VII. CONCLUSION

In this paper, we have studied the CCEC and the ECEC
for channel estimation and IQI compensation in the uplink
quantized massive MIMO systems. In addition, an indepen-
dent automatic gain control (AGC) scheme for I branch and
Q branch has been proposed to control the dynamic range for
both branches. Taking the impacts of both quantization and
IQI into account, we have given the details of the channel
estimation and the IQI compensation for both the CSEC and
the ECEC using the Bi-GAMP algorithm, respectively. For
the proposed ECEC, we have theoretically derived the PDF
of the elements in the effective channel. We use the numerical
results to testify the validity of our analytic results and the
fact that the analytic PDF can be approximated by a Gaussian
distribution when the IQI parameters are relatively small.
Compared with other techniques by simulation results, the
proposed methods can obtain better performance.

In the future, we will extend our work to the scenario with
multiple cells. Considering the impacts of low-resolution
ADCs and IQI, we will analyze the cell coverage under this
scenario, particularly when the mmwave cellular networks
are involved. In addition, the wideband systems with fre-
quency dependent IQI are worth investigating for future work
as well.

APPENDIX A

PROOF OF LEMMA 1

First, we can rewrite y;; = 8iR sin(q&i,R)th +
8i.R cos(¢;, R)h i Based on the stated definitions and the
predefined PDF of g; r, ¢ r and h; j, the PDF of y; ; is then
calculated as

#maxR  [8UR
FyijOig) = / fijlgir, #iR)

—@max,R 8L,R

x f(gir, $ir)A g, Rdfi)ik

(a) (Pmax R 8U,R
/ 2 24P
—®max,R Y8LR n(a + b ) i i

——dgirdoir

)

48 max,R ¢max R

®) 1 SUR ]
= 2—/ exp(——-)dgiRr,
8max,R Jg g /ngl?R 8ir
(43)
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in which (a) is based on the fact that y;; is a Gaussian
random variable with variance ai2 + bl-2 [52] given g; r and
¢; R, which are two independent random variables. Suppose
that the amplitude mismatch is not too large, we assume
1 - &max,R > 0. If welett = y,-,j/g,-,R (y,-,j # 0), then we
can get fy, ;(vi,j) according to

1 Yij/8LR | 5
fyi.,-(yi,.i) = m/};ﬂgw —exp(—t-)d¢
2\/Egmax,R ’ g%’R ’ gi,R ’
(44)

in which we resort to the Gamma function defined by
(8.350.2) in [53]. When y;; = 0, we can easily obtain the
result given in (29). In the same way, we can calculate the
PDF of y; ; conditioned by ¢; r according to

fyi,j|¢i,R (Yi,j|¢i,R)
8U,R

= 1 fOijlgir, #ir)f (gir)d giR

8L.R

(a) /‘gu R
SLR \/m

®) 1 gUR y2

= 3 exp(——)dgl R
8max,R Jg R \/m gz R

= fi; i) (45)

It is obvious from (45) that fy, ;(vi;) is independent of the
phase mismatch ¢; .

2

)——dgir
a; +b2 2gmax,R '

APPENDIX B

PROOF OF LEMMA 2

We first prove that all elements in Heff are mutually indepen-
dent and follow the same dlstrlbutlon Fori # i orj#j,we
calculate the joint PDF of y; ; and yy j as

fy,,)r /())lj’yl /)
/‘¢maxR /gUR /¢quR /gU,R
¢maxR 8L.R ¢max,R 8L.R
x f(vij» yr ji|gi.R> iR, &7 R Bir R)
x f(gi.R, iR, & R> $7 R)A gi,RA P; rd g7 RA D7 R

(a) Pmax,R 8U.R Pmax,R 8U.R
/ / / fOijlgiR, $iR)
¢max R Y8L,R ¢max,R 8L.R

x f(yr j18r R 7 R (&iR> ®i,R) (g7 R, Pir R)
x dgird¢;rd g7 rd ¢y R

2 fuy i, 0.1, (46)

in which (a) is based on the fact that y; ; and y; y are mutually
independent given g; R, ¢i R, g&.r and ¢y r. From (46), we
see that y; ; and y; 7 are mutually independent. Additionally,
it is easy to find from (29) that y;; and yy ; have the same
distribution.
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We then prove that the arbitrary element in Hgflf is indepen-
dent of the arbitrary element in H;fzf To do so, we only need
to verify the independence between y; j and z; j because it is
obvious that y; ; and z; j are independent fori # i or j £ 7.
Recalling that y;; = a;h; + bihj ; and zi; = bih; — aihj j,
we can rewrite them in a vector form as

R R
Yi,j — [r]ai bi hi‘j -T hi,j (47)
% bi  —ai] | hj; hij |
Due to TT? = girI> and the independence between th and

h} j» We can conclude that the independence between y; ; and
z;,j is also satisfied.

APPENDIX C
PROOF OF LEMMA 3
Based on the independence between g; r, ¢ir, &, T and ¢; T
along with their PDF, we have
1 1 1 1

ngax,T 2gmax,R 2(lsmax,T 2¢max,R )

f(giRr, $iR, &, T Pi,T) =

Using definitions grT = gmaxRE€max.T and ¢rT =

®max,RPmax, T, We can calculate the PDF of y; ; according to
(48) at the top of the next page, (a) is obtained because y; ;
is a Gaussian random variable with variance (a;c; + bidj)2 +
(bicj — aidj)z = giRgiT given g; r and ¢; r, which are two
independent variables. Using the same derivation as (45), we
can also obtain that f(y; ;) is independent of the phase mis-
matches ¢; r and ¢; 1. Based on this fact, when calculating
JyijOij), we set ¢ g = 0 and ¢; 7 = 0, following which we
can get

Yij = gir&.Th;. (49)

Defining z; ; = g;rgj T for simplicity, we first obtain the
PDF of z; j and then calculate the PDF of y; ;. Since we have
already known the PDF of g; r and gjr, which are denoted
by fe, r (gi,r) and fg_/,T(gj,T)v respectively, we can achieve [54]

8U,R
fo i) = / Ly R)fg,T( )dglR (50)
8L.R |gl R| i,R

Here, we assume that g R > 0 and gmax, T < &max.R (When
gmax. T > &max,R, We can obtain the similar results using the
succeeding procedures). Based on these assumptions and the
fact that uniform distributions are used to model g; r and g; T,
we can obtain the PDF of z; ; according to

1 Zij
—In(———), ifBi1<z;<B
gR T 8L,REL,T
—1 (gUT), if B <z;j < B3

J;(@ij) = 8R.T 8L,T

1
—In (M) if By <z <B4
8R,T 2ij
0, otherwise,

(S
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d’max R 8U,R ¢max,T 8U,T
fos i) = / L [ ot b g i i e i G g i 10030
$max.R Y 8L R Pmax.T Y ELT
Pmax,R 8U,R Pmax, T 8U,T y2 . 1
) }

2 / f / / exp(———2—) 7 dgirdgirdgjrd¢; T
$max.R Y 8L R Pmax, T Y LT /7T gl jozT gl"jo’T 68R,T¢R,T

) [SUR [8uT y2 1

= / / exp(—— )2 2 dgirdg;. (43)

8LR /ﬂgle]T ng ]T 8max,R «8max,T

where gR T 2 4dgmax R€max.T- Subsequently, using
Yij = Zijh i R and the PDF of z; j in (51), we can calculate
the PDF of y; ; according to

f fz,,(zz,])th < )de,j
2y 1%l Zij

1 1 Vi
NG Z”mfzi,j(zi,j)exp ) dzj. (52)
ij »

i

fy,-_,-(Yi,j) =

We further assume that 1 — gmax,r > 0 and 1 — gmax, T > 0.
Plugging (51) into (52), we can get fyi'j(yi,j) which is
calculated as

1
4ﬁgmax,Rgmax,T

By 1 Zi Vi
X|:/ —In <L> X exp —% dZi,j
By Zij 8L,REL,T Zi
B3 1 Vi
,T .
+In <gU )f — exp —% dz;j
8L, T By Zij 7z,

By 1 y2
—i—/ —ln<—gU’RgU’T> exp —% dz,',j].
By Zj Zij o

For the case y;; # 0, we let t = y; j/z; ;, by which we can
further calculate each integration in (53) according to

B Zii 2.
Al = / —In (#) exp —% dzij
By Zij 8L.REL,T 7%,

fyi.j(yi,./) =

l’]
yij/B2 1
= / —1In (yl’j) exp(—tz)dt
Yij/Bi ! !
2 2
1 Yiij Yij
1 r(o, =) -rfo,22)), 4
7 n(gL,REL,T) B2 B (54a)
2
Ay = /84 i In <—gU’RgU’T) exp Y dz;;
= a3
By Zij Zij z,%j !
2 2
1 Yij Yiij
= —1In N s =1 =T , L
> (gu,rgU,T) B B
Yij/Ba 1
- / 202 exp(—12)d:. (54b)
Yij/B3 t
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By 1 y.24
A3 = f —1n (—gU’RgU’T) exp —% dz;j
By Zij Zij bl

i,j
2 >
1 Yij Yij
= Eln(gU,RgU,T) r{o, B—i -rfo, B—%
Yij/B4
- / Z 02 exp(—12)d . (54¢)
Yij/B3 !

Then, substituting A1, A and A3 into (53) yields the result
in (40) for y; ; # 0. When y; ; = 0, we can easily achieve the
final result by setting y; ; = 0 in (53) and reach the result in
(40) for y; j # 0. The proof is completed by now.
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