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Abstract—In massive multiple-input multiple-output (MIMO)
systems, combined with digital array processing, the amount of
the associated radio frequency (RF) front-ends is inevitably high.
This paper addresses how imperfections in these RF front-ends
affect the overall system performance in precoded massive multi-
user MIMO (MU-MIMO) uplink transmission. In particular, we
focus on transceiver in-phase/quadrature (I/Q) imbalances and
their mitigation with RF-aware spatial processing. We first derive
the essential distortion and interference models for OFDMA-
based massive MU-MIMO uplink system under I/Q imbalances,
and then propose augmented spatial post-processing to be carried
out in the uplink receiver (RX) for mitigating the harmful effects
efficiently. Numerical examples show that the augmented spatial
RX processing clearly outperforms the conventional linear pro-
cessing, and thus provides significant performance improvements
with practical low-cost RF front-ends.

Index Terms—antenna arrays, in-phase/quadrature (I/Q) im-
balance, interference suppression, massive multi-user multiple-
input multiple-output (MU-MIMO), orthogonal frequency-
division multiple access (OFDMA)

I. INTRODUCTION

Massive multiple-input multiple-output (MIMO) systems
consist of tens or even hundreds of antennas [1]. Conse-
quently, the amount of the associated radio frequency (RF)
front-ends is very high, especially when emphasizing digital
array processing and beamforming. In order to implement
cost-effective and reasonable size massive MIMO devices
in practice, the size and cost of individual RF transceivers
should be low. Unfortunately, this requirement may easily
result in performance degradation due to imperfections in the
RF components [1], [2].

RF imperfections in massive MIMO systems have gained
increasing interest recently. Our earlier work in [3] showed
that RF imperfections in massive antenna arrays significantly
degrade the system performance and can actually result in
even bigger problems than in MIMO systems with fewer
antennas. In [4], the effects of oscillator phase noise on uplink
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massive multiuser MIMO (MU-MIMO) systems are studied
and the imperfection is shown to degrade the overall link
performance. In [5], multiple aspects of the RF imperfections
are provided in terms of energy efficiency as well as estimation
and capacity limits in massive MIMO systems. The impact
of RF imperfections is modeled in [5] as a residual additive
Gaussian noise which depends only on the signal power. While
such model may hold for the residual RF imperfections after
the actual RF impairment processing, it does not take into
account the inherent structure of distortion mechanisms of
different RF imperfections.

In this paper, we consider and emphasize the structure
of certain imperfections in the associated RF front-ends
in massive MIMO systems. Especially, we focus on in-
phase/quadrature (I/Q) imbalance and its mitigation jointly
within spatial receiver (RX) post-processing without a need
for separate I/Q imbalance mitigation or calibration. Starting
from I/Q imbalance modeling in uplink orthogonal frequency
division multiple access (OFDMA) based massive MU-MIMO
systems, we show that I/Q imbalance in the RF front-ends
causes signal distortion where each subcarrier signal is inter-
fered by the signals at the image subcarrier, implying hence
inter-user interference. Stemming from this phenomenon and
based on the earlier I/Q imbalance studies in [6]-[9], we
exploit the so-called augmented spatial post-processing at RX,
now taking into account the effects of precoding in uplink
transmitters (TXs). We derive the minimum mean-square error
(MMSE)-optimal augmented spatial post-processing solution,
and by simulating the system performance as a funtion of mul-
tiple system parameters, we show that the proposed solution
outperforms the traditional per-subcarrier processing clearly
and thus provides significant performance improvements with-
out costly changes in the associated RF front-ends.

This paper is organized as follows. Section II introduces
fundamental signal and system models as well as RX post-
processing principles in base station (BS). In Section III, we
present the RF-aware precoding method as well as the linear
and augmented linear MMSE (LMMSE) post-processing solu-
tions. In Section IV, we provide numerical examples in terms
of the signal-to-interference-plus-noise ratio (SINR). Finally,
the conclusions are drawn in Section V.

Notation: Vectors and matrices are written with bold char-
acters. The superscripts (-)”, (), ()" and ()" represent
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transpose, Hermitian (conjugate) transpose, complex conjugate
and matrix inverse, respectively. The tilde sign (-) is used
to present an augmented quantity and the results obtained
by augmented processing. We write diag (z;, a9, " ,Z;;)
to denote the diagonal matrix X with elements z;; on the
main diagonal. The statistical expectation is denoted with E [-].
Finally, tr (-) denotes the trace of a matrix.

II. SIGNAL AND SYSTEM MODELS

In this paper, we consider precoded spatial multiplexing in
uplink OFDMA MU-MIMO transmission from an arbitrary
subcarrier point of view. Our generic model comprises a single
BS which serves simultaneously multiple user equipment
(UEs) in each time-frequency resource. The subcarriers are

indexed with c € {—C/2,...,—1,1,...,C/2} where C is the
total amount of active subcarriers. Furthermore, the image (or
mirror) subcarrier is defined as ¢ = —c. With U and V we

denote the number of UEs spatially multiplexed at subcarriers
cand ¢, respectively. The corresponding UEs are indexed with
we{l,...,U} and v € {1,...,V}. Note that depending on
the frequency allocation for the UEs, v and v might refer to
the same UE which is active at both subcarriers ¢ and ¢’.

The BS has N RX antennas whereas UE u is equipped
with M,, TX antennas. The number of parallel independent
data streams of UE w at subcarrier ¢ is denoted by @Q,,.
At subcarrier ¢, the data symbol vector x, . € COuxt of
UE u is precoded with precoder G, . € CMurQu resulting
in antenna signal vector s, . € CMe*t The corresponding
variables at the image subcarrier ¢ for UE v are denoted
by x, /€ c@vxt, G, € CMoXQu and S, € cMoxt 1
addition to the UE signals, we include L external interferers
into the model. External interferer [ is assumed to have J,
TX antennas and the spatial signal snapshot vector originating
from that external interferer is denoted by s;,;. € chxt,
All data vectors refer to subcarrier-level (frequency-domain)
quantities in the considered OFDMA radio system, i.e., prior
to the inverse fast Fourier transform (IFFT) in the TXs and
after the fast Fourier transform (FFT) in the RXs.

A. Joint TX+RX I/Q Imbalances in MU-MIMO Systems

Direct-conversion transceivers (DCTs) [10] are regarded as
promising candidates for the radio architecture in massive
MIMO systems since they do not need additional intermediate-
frequency filters, in contrast to the heterodyne transceivers
[10]. Consequently, the total size and cost of DCT are smaller
compared to conventional solutions. Unfortunately, the imper-
fections in the analog RF electronics of DCT are known to
result in I/Q imbalance [10], [11]. I/Q imbalance is caused
by gain and phase imbalance, g and ¢, between the I and Q
branches. The roots of the phenomenon lie in the implemen-
tation inaccuracies of the associated amplifiers, filters, mixers
and digital-to-analog and analog-to-digital converters.

In precoded uplink MU-MIMO transmission, the transmit-
ted antenna signal vector of UE w at subcarrier ¢, assuming
first perfect I/Q matching, can be written as s, . = G, X, .
[12]. However, when considering I/Q imbalance in the TX

electronics of an individual UE, the transmitted antenna signal
vector of UE u at subcarrier ¢ becomes [9], [13]

*
STxi,u,c — KTxl,u,cSu,c + KTxZ,u,cSu,c/
* *
= KTxl,u,cGu,cxu,c + KTxZ,u,cGu’C’X / (1)

u,c
with the TX 1/Q imbalance matrices Kryy,. =
diag(KTxl,],u,m' o 7KTxl,]V[u,u,c) € (CMuXMu and
Kroue = diag(Kroiue s Ko, ue) € MM,
The diagonal entries of the matrices are given
by KTxl,m,u,c = (1 + i ng,m,u,ce](éTx‘m'u'C)/2 and
KTx2,m,u,c = (1 - ng,m,u,ce](bTx‘m’u‘c)/2 Where ng,m,u,c

and ¢ty .. are the gain and phase imbalance coefficients
for TX antenna branch m of user u at subcarrier ¢ [11].
Clearly, the transmitted signal is distorted, resulting in
cross-talk between subcarriers ¢ and ¢’. This is a well-known
phenomenon, discussed e.g. in [9], [11], [13]-[15]. In general,
when the image subcarrier ¢’ is allocated to another UE w,
this results in cross-talk between UEs at mirror subcarriers.

The transmitted signal vectors propagate through the wire-
less channels and are then received in the RX. Consequently,
the total received signal vector rry; . € CN*! at subcarrier ¢
under I/Q imbalances of UE TXs is

U
I'Txi,e = E Hu,cKTxl,u,cGu,ch,c

u=1
\%4

+ Z H'LJ,CKTXZ,U,CG;C/X;C’ + Z. 2
v=1

where we assume, for simplicity, perfect timing and frequency
synchronization between the UEs and the BS. Here, H,, . €
cV*Mu and H, € CV*Mv are the channel response matri-
ces of UEs u and v, respectively, at subcarrier c. Throughout
the paper, the channel response elements are assumed to be
constant within each narrow subcarrier. Finally, the external
interference plus noise vector z, € cN* s given by

L
Z, = E Hint,l,csim,l,c +n.. 3)
=1

Here, H;,;. € CV*7 is the channel response matrix of
external interferer [, and n, € CV*! models the additive
noise in the RX electronics. Noise elements in different RX
branches are assumed to be complex, circular and mutually
uncorrelated. A corresponding formulation for the external
interference and noise at the image subcarrier is obtained from
(3) by substituting the subcarrier index ¢ with ¢

When taking next into account that I/Q imbalance occurs
also in the RX, the received signal vector rypy. € C" <" at
subcarrier ¢ under joint TX+RX I/Q imbalances is equal to

*
I'TxRxi,e — KRxl,chxi,c + KRxZ,chXi,c’

U ~
= Z ‘Ilu,cGu,
u=1

+ KRxl,czc + KRXZ,CZ:/ (4)

14
2 : e * *
cxu,c + QU,CGv,c, Xv,cl

v=1
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where the RX 1/Q imbalance matrices are given by Ky, . =

. NxN
dlag(KRx],l,cv"' 7KRX1,N,C) € C 8 and KRX2,C =
diag(Kgya1e: s Krxone) € CV*N Here, the diagonal
entries of the matrices are given by Kgy,. = (1 +

ng,n,ce_jQSRML’C)/2 and KRxZ,n,c = (1 - ng,n,cejd)Rx'n’c)/Z
Similarly as for the TX, gry . and ¢gy , . denote the gain and
phase imbalance coefficients of RX antenna branch n [11].
Furthermore, the total effective channel matrices, consisting
of the influence of TX and RX I/Q imbalances as well as the
wireless propagation channels, are given by

Huc 0 K x1,u,c
‘I’u,c = [KRXI,C KRXZ,C] |: 0, H* ’:| I:K":r Lu. :| (5)

U
Tx2,u,c

_ H,. 0 ]fKnou.
Qv,c = [KRXI,C KRXZ,C] |: O’ H* /:| |:K3 " :| (6)

!
v,c Tx1,v,c

where \flu,c e CV*Mu and ﬁv,c e CV*¥Mo, Clearly, (4)
includes contribution not only from the desired subcarrier ¢ but
also from the image subcarrier ¢’. The signals transmitted at
the image subcarrier ¢’ leak to subcarrier ¢ due to both TX and
RX I/Q imbalances and thus we call it inter-user interference
from the image subcarrier. In contrast to the data signals, the
external interference and noise from the image subcarrier ¢’
alias to subcarrier ¢ only due to RX I/Q imbalance. Stemming
from the special nature of I/Q imbalance, signals at other
subcarriers are not affected.

Note that the special case with I/Q imbalance only in the
TX (RX) is obtained from (4) by substituting Kg,; . = I and
Kru.e =0 Ve Ky =1 and Koy o = 0 Vu,0).

B. Receiver Post-Processing in The Base Station

In MU-MIMO systems the transmitted data streams of
different UEs must be eventually separated in the BS while
also suppressing any harmful interference effectively. The RX
post-processing is implemented by combining the received
signals from the RX antennas in a selected manner. When
using linear combining, the signals at subcarrier ¢ are post-
processed in the digital domain using the combiner weight

T
e C*N where

row vector w, . € CYN denotes the weights for data
stream ¢ of UE w and S = 25:1 Q,, is the total amount
of the transmitted data streams. Then, the output signal vector
Y. € C**! under perfect I/Q matching is given by

. T T T
matrix Wc = |:W1,1,c7 W1,2,ca e 7WQU,U,C

U
Ye=Wr.=> WH, G, x,.+W.z. (1)

u=1

Since the data is processed at the subcarrier level, we call
this method per-subcarrier processing. The overall MU-MIMO
system with precoded spatial multiplexing is depicted in Fig. 1.

As shown in (4), I/Q imbalance distorts the received antenna
signals. Consequently, the combiner output signal under joint
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Fig. 1. Illustration of the considered uplink MU-MIMO scenario with devices
being active at subcarrier c.

TX+RX I/Q imbalances becomes
yTxin,c = Wchxin,c
U ~
= Z Wc‘I’u,cGu,
u=1

+ WCKRXI,CZC + WCKRXZ,CZZ/ . (8)

14
e * *
cXu,c + E WCQU,CGU,CIX»U! !

c
v=1

Clearly, the output signal consists of both the desired data
streams as well as the interfering UE signals originating from
the image subcarrier. In addition, the output signal includes
external interference and noise at both subcarriers ¢ and ¢’
The signal leakage naturally makes the signal separation in
the RX more difficult and consequently the overall system
performance is also deteriorated, as shown in Section IV.
The signal distortion, where each subcarrier signal is
mixed with the signals at the image subcarrier, guides
us towards joint post-processing of mirror-subcarriers [6]—
[8]. When dgﬁning the augmented received signal as
H

T, = [rcT,I‘c/} S CQNXl, the augmented post-processing is

of the form y, = WCFC where the augmented weight matrix

T
~T Sx2N
Wite " eC

W, =
War,U.e € C**N contains separate weights for both subcar-
rier signals and thus provides more degrees of freedom (DoF)
in post-processing.
Under joint TX+RX I/Q imbalances, the augmented com-
b. . ~ Sx1 . .
iner output signal yr,ryic € C is given by

~T
s WQuUe . Now, row vector

yTxin,c = WchxRXi,c

[1]

U \4
Z Wc u,cGu,ch,c + Z WC(PU,CGZ,C/X:,C/
u=1 v=1
+ WCKRXA,CZC + WCKRXB,CZ:/ . ©))

Here, the augmented signal vector under joint TX+RX 1/Q

T
. .~ T H 2N x1
imbalances is Tryryic = {rTxin,C,rTxkxi 0/} e C and
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the total augmented effective channel matrices are given by

= _ |:K§x1,c K§x2,c:| l:Huc 9 :| |:K;Fx1,u,c:| (10)
e KRxZ,c/ KRxl,c/ 0 Hu,c/ KTxZ,u,c/
~ K K H 0 K
@v .= |: }}xl,c >'13)42,c:| |: v,C N :| |: ;1"x2,v,a:| (11)
’ KRxZ,c/ KRxl,c/ 0 Hv,c/ KTxl,v,cl

where E,, € C*V*M« and &, € C*™*M:_ Finally, the

augmented RX I/Q imbalance matrices, both & (CQNXN, are
T KRxl cil T |:KRx2 c:|
K XxA.c — x 5 K xB.c — x . (12)
RxA, |:KRx2,c/ RxB, KRxl,c/

Despite the similarities between (8) and (9), the underlying ca-
pability of the joint subcarrier processing in (9) should be kept
in mind. The doubled amount of the weights naturally doubles
the computational complexity of the combining process but
also enables more flexible post-processing for obtaining the
desired signal separation and interference suppression, even
under challenging I/Q imbalances. Note that this flexibility is
obtained by changing the digital combiner block alone whereas
the costly RF chains and demanding FFT processing remain
the same as for classical per-subcarrier processing.

III. PRECODING AND MMSE POST-PROCESSING

Closed-loop type spatial multiplexing can provide signif-
icant performance improvements due to the exploitation of
known channel state information (CSI) [16]. The spatial signal
processing is shared between the TX and RX sides such
that the desired link performance is provided. On the TX
side, the precoder pre-processes and maps the data streams
to the TX antennas. On the RX side, the received antenna
signals are post-processed such that different data streams are
properly separated while harmful interference is effectively
suppressed. In this paper, we assume that perfect uplink CSI
for subcarriers ¢ and ¢/, including also the effects of 1/Q
imbalance, is available for both the UEs as well as the BS.
Although this assumption is over-optimistic in practice, we use
it for evaluating and demonstrating the performance limits of
the closed-loop spatial multiplexing under I/Q imbalance.

A. RF-Aware Precoding

One of the precoding methods is based on singular-value
decomposition of the known channel matrix. The singular-
value decomposition for the total effective channel matrix of
UE u at subcarrier c is given by

‘iu,c = Uu,cAu,cvic (13)

where U, . € CV*N contains the left singular vectors, A, . €
cN*Mu g a diagonal matrix including the singular values,

M, XM, .
and Vu,c = [Vl,u,c7v2,u,ca e avMu,u,c:I eC consists
of the right singular vectors. The precoding matrix G, . €
CMuxQu for UE u, assuming that UE knows only the CSI of
its own, at subcarrier c is then obtained as

(14)

Gu,c = [Vl,u,m Voues " 7qu,u,c]

i.e. the precoder consists of the first ), columns of V,, . [12].
In order to fulfil maximum TX power constraint P,,,, we need

to scale the precoder such that tr (Gu,CRX,u,CGuH,C) < P

where Ry, . = E [xuycxg <| [12]. For simplicity, we assume
that the data streams of an individual UE are equal in power.
Note that the precoder in (14) adapts the transmission not only
to the propagation channel but also to the associated RF front-
ends and is therefore called RF-aware precoder.

B. Linear and Augmented Linear MMSE Post-Processing

Spatial post-processing can be implemented in the BS with
the well-known LMMSE spatial filter. With the used notation,
the LMMSE filter Wy s € C°*Y is equal to [17]

—1

Winniste = (HiiRicHare + Ret ) HERGL. (15)
Here, Hyy, € CV* is the total effective channel matrix
consisting of channel responses and precoders of all UEs.

Assuming that the total effective CSI including I/Q imbalance
is available at the BS, we write

Heff,c = ;Ivll,cGl,m {IVIQ,CGQ,m Tty {IVIU,(:GU,C:| . (16)

In addition, R, . € C°*% is the covariance matrix of all the
data streams and Ry, . € CV*¥ is the covariance matrix of
the interference and noise. Under joint TX+RX I/Q imbalances
Ry includes the inter-user interference from ¢ as well the
external interference and noise from both ¢ and ¢’, and is equal
to

14
2 O * T O
Rint,c = E Ux,v,c/QU.CGv,c/Gv,clﬂvvc
v=1

+ KRxl,ch,cKl{le,c + KRx2,cR:,C’K£Ix2,c- (17)

Here, R, € C"*" is given by

L
Rz,c =E {zcz{:{} = Z Ji?ll,l,cHinl,l,cH{Im,l,c + O—r?,cI (18)
=1

where U?nLLC denotes the power of the I"™ external interferer
and 0’3’0 denotes the noise power, both at subcarrier ¢. R,
is obtained from (18) by substituting the subcarrier index c
with ¢’. Note that in principle (17) can be obtained from the
CSI and the precoder information of the image subcarrier UEs,
and by measuring interference and noise contributions when
all UEs at the given cell of the BS are momentarily silent.
Finally, assuming that the data streams are independent and
equal in power, we get R, . = ai,cl where ai,c is the power
of each data stream.

The above LMMSE spatial equalizer can be used in the RX
as such. However, as discussed in Section II.B, the processing
capabilities can be enhanced by processing jointly the signal at
the image subcarrier. Therefore, we extend the equalizer (15)
such that it can process the augmented signal Tt4gy; . directly.
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The augmented LMMSE equalizer WLMMSE’C e C*2N i

then given by
__ o~ 4~ IS
WimmsEe = (HthtcR I-Heff,c + Rx,i ) HIR,,,

nt,c nt,c*

19)

Here, the augmented total effective channel matrix ﬁefﬁc €
C*M*% s obtained from (16) by substituting ¥, . with Z,,
Vu =1,---,U. In addition, the augmented covariance matrix
of the inter-user interference, external interference and noise
is now equal to

14
-~ j: 2 = * T F
Rint,c = O—w,v,clq)ThCGv,c/Gv,c,®U,C
v=1

+ KRXA,CRZ,CKg(A,C + IFinB,c]-:{'*

s Kispe  (20)
The equalizer given by (19) yields the MMSE solution for the
augmented linear signal model and thus offers flexible and ef-
ficient signal processing solution for I/Q imbalance mitigation

as shown in the next section by numerical evaluations.

IV. NUMERICAL RESULTS AND ANALYSIS
A. Simulation Settings

In our simulations we consider an uplink OFDMA MU-
MIMO scenario with 20 UEs that transmit simultaneously at
subcarrier ¢ towards a single BS. Additionally, 20 UEs are
communicating with the BS at the image subcarrier ¢’. In order
to illustrate a massive MIMO system, we selected the BS to
be equipped with 50 antenna elements. On the UE side, each
UE transmits two independent data streams in parallel and
the streams are precoded for four antenna elements. At the
considered subcarrier as well as at the image subcarrier, we
add eight external single-antenna interferers with equal powers
to the simulation setup. Furthermore, the signal-to-noise ratio
(SNR) in RX branches is set to 30 dB and is here defined
as the ratio between the total averaged received signal power
originating from all TX branches of a single user, and the noise
power. Furthermore, the data streams of the UEs are set to be
equal in power. The signal-to-interference ratio (SIR) is here
defined as the ratio between the total averaged received signal
power of a single UE and the total received power originating
from the external interferers.

The spatial channel between the BS array and TX antenna
m of UE w is modeled as h,,,. = CN (0,R;) where
R, = E [hh] denotes the spatial covariance matrix. We set Ry,
according to the exponential correlation model in [5, eq. (17)]
with parameters » = 0.7 and 6 = 1 for modeling highly
correlated adjacent antenna elements in the RX which is a
fairly common assumption in massive MIMO related work.
The channels between the BS and different TX antennas of a
single UE as well as between the BS and different UEs are
assumed to be uncorrelated.

I/Q imbalance is defined in terms of the image rejection
ratio (IRR) which is given in decibels for a single transceiver

branch by IRR = 10log;, (|K1|2 / |K2\2) [18]. Firstly, the
minimum allowable IRR (IRR,,;,) is set to 25 dB which
is the minimum requirement for UE TX/RX IRR in the

TABLE I
BASELINE SIMULATION PARAMETERS

Parameter l Symbol l Value
RX antennas in BS N 50
Number of UEs U, Vv 20
TX antennas in UEs M,, M, 4
Data streams in UEs Qus Qo 2
Number of external interferers L., LC/ 8

TX antennas in external interferers | J; 1

Signal to noise ratio SNR 30 dB
Signal to interference ratio SIR.., SIRC/ -20 dB
Minimum image rejection ratio IRR ;in 25 dB

LTE specification [19]. Secondly, we select phase imbalance
coefficients ¢y m.c, YU, M, ¢ and @gy .. ., V7, ¢ independently
from U(—c, ) where « guarantees the selected IRR,;, when
the gain imbalance is set to zero. Finally, the gain imbalance
coefficients gry . m.c; VU, M, ¢ and gry .n, VN, c are selected
independently from the conditional distribution U (gmins 9max)
where the range edges correspond to IRR,;, with the earlier
selected ¢. The I/Q imbalance parameters at different subcar-
riers are assumed to be independent for modeling arbitrarily
frequency-selective I/Q imbalance. The default simulation
parameters are summarized in Table I while some parameters
are also varied in the evaluations.

The numerical analysis evaluates the SINR of an arbitrary
data stream of an arbitrary UE. Due to the space limitation,
the detailed SINR formulations are omitted here but they can
be easily calculated based on the signal models in (8) and
(9). All the results describe the performance from a single
yet arbitrary subcarrier signal point of view, and are averaged
over all the data streams, UEs and 1000 realizations. For each
realization, the channel responses and I/Q imbalance param-
eters are randomly and independently generated according to
the aforementioned criteria. All figures show the performance
for both the LMMSE and the derived augmented LMMSE
equalizers.

B. Simulation Results and Discussion

Fig. 2 visualizes the SINR as a function of the number of
RX antennas. The results show clearly that the SINR is very
low when N < 40. This is a consequence of the fact that the
BS can not separate different data streams and external inter-
ference signals due to the lack of DoF. When increasing IV,
the performance improves steeply when using the augmented
equalizer. The SINR improvement gets slower at around 48
antennas which coincides with N = Q,U + L and means that
beyond that point the BS has already enough DoF for data
stream separation and interference suppression. In contrast,
the per-subcarrier processing yields slower SINR improvement
when considering I/Q imbalance in the associated transceiver
branches. With TX 1/Q imbalance, the performance improves
faster than in the other cases. Joint TX+RX imbalances cause
the worst performance which suffers heavily from the signal
and interference leakage from the image subcarrier. Actually,
we see that in this case the LMMSE equalizer needs approx-
imately N = 80 antennas to reach the performance which

Authorized licensed use limited to: Drexel University. Downloaded §‘%y 11,2021 at 02:34:22 UTC from IEEE Xplore. Restrictions apply.



Globecom 2014 Workshop - Massive MIMO: From Theory to Practice

SINR [dB]

=@=LMMSE, no I/Q imb.
+=@l= LMMSE, Tx I/Q imb.
—4—LMMSE, Rx I/Q imb.
; LMMSE, Tx+Rx I/Q imb.
/ ' Aug. LMMSE, all I/Q imb. scenarios
_200 H T T

20 40 60 80 100
Number of RX antennas

Fig. 2. Average SINR as a function of the number of RX antennas when the
other parameters are fixed. The gray vertical line shows the operating point
under the conditions given in Table L.

the augmented processing provides already with 48 antennas.
This is an illustrating example of a case where a slight
increase in the complexity of digital signal processing can
provide big savings in the needed hardware implementation.
When increasing N beyond the point where we have enough
DoF, RX post-processing can use the excessive resources for
noise and interference optimization and thus offer further
improvements in the SINR.

Fig. 3 depicts the SINR as a function of the number of
UEs. As expected, the performance is good with all the I/Q
imbalance scenarios when the BS serves only few UEs. This
indicates that massive amount of RX antennas makes the
system more robust against I/Q imbalance if (and only if)
N > S. However, with classical linear processing, the SINR
deteriorates fast when adding more UEs to the system. This
is obviously caused by the increased level of the inter-user
interference but also by fewer DoF available for I/Q imbalance
mitigation since each additional UE needs additional separa-
tion resources in the RX. Again, joint TX+RX I/Q imbalances
cause the worst performance which actually degrades very
quickly as a function of UEs. This is caused by the signal and
interference leakage from the image subcarrier. When consid-
ering I/Q imbalance only in the TX, the SINR performance
is better since the leakage of the external interference does
not occur there. In contrast to the per-subcarrier processing,
the derived augmented post-processing provides practically as
good performance as with the ideal case and thus outperforms
the per-subcarrier processing clearly. This way the overall user
capacity of the BS can be increased with changes only in the
associated digital signal processing. As the number of UEs
goes very high, the BS can not anymore separate different
data signals and consequently the performance degrades to
low levels in all cases.

Fig. 4 shows the SINR as a function of the number of
external interferers. Here, the total interference power is kept
constant and consequently the power of individual interfer-

-.-LMMSE, no I/Q iIIlB.
.= LMMSE, Tx 1/Q imb.
|| ——LMMSE, Rx 1/Q imb.

5 LMMSE, Tx+Rx I/Q imb. ;
Aug. LMMSE, all I/Q imb. scenarios ' \l/
0 T : H
5 10 15 20 25 30

Number of UEs

Fig. 3. Average SINR as a function of the number of UEs when the other
parameters are fixed. The gray vertical line shows the operating point under
the conditions given in Table L.

40 T

—@=L)MSE, 1o 1/Q b,
. -m= LMMSE, Tx 1/Q imb.

] " | ==LMMSE, Rx I/Q imb. 1

! LMMSE, Tx+Rx 1/Q imb.
Aug. LMMSE, all I/Q imb. scenarios

Number of external interferers

Fig. 4. Average SINR as a function of the number of external interferers when
the other parameters are fixed. The gray vertical line shows the operating point
under the conditions given in Table I.

ers is decreased when increasing the amount of interferers.
Based on the results, the SINR degrades in all cases as L
increases since each additional interferer reserves additional
spatial resources in the BS. The behavior of the augmented
post-processing is somewhat similar to that in Fig. 3 as
the total number of incoming signals is essentially swept in
both figures. Additionally, the augmented LMMSE equalizer
can, again, suppress the harmful effects of I/Q imbalance
efficiently. In contrast to this, the performance of the classical
per-subcarrier LMMSE equalizer is highly degraded even
without any external interferers. This degradation is due to
inter-user interference from the image subcarrier which the
classical per-subcarrier processing cannot suppress efficiently.
This interference is at the highest with joint TX+RX imbal-
ances which consequently result in the worst performance.
Finally, Fig. 5 illustrates the SINR as a function of the
minimum allowable IRR. The perfect I/Q matching as well
as the augmented equalizer result in a flat SINR performance
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Fig. 5. Average SINR as a function of IRR when the other parameters are
fixed. The gray vertical line shows the operating point under the conditions
given in Table I

over varying IRR;,. This indicates again that the augmented
equalizer can mitigate the harmful effects of I/Q imbalance
practically completely and thus allows lower quality for the
associated RF components. The per-subcarrier processing suf-
fers big degradations in the SINR. With TX I/Q imbalance, the
performance is deteriorated by the inter-user interference from
the image subcarrier. RX I/Q imbalance causes also leakage of
the external interference and consequently the cases with RX
and joint TX+RX imbalances provide the worst performance.
Notice that the 25 dB IRR level, which is acceptable in the
current LTE specification [19], causes already 8-15 dB SINR
degradation.

V. CONCLUSION

This paper addresses precoded spatial multiplexing in mas-
sive MU-MIMO uplink transmission under imperfections in
the associated RF circuits. In particular, we formulated and
derived the detailed signal models in such scenario, and
showed the harmful signal distortion and interference mech-
anism due to I/Q imbalance in the TX and RX electronics.
Stemming from the distortion, where each subcarrier signal
is affected also by the signals at the image subcarrier, we
exploited so-called augmented spatial equalizer in the BS
and derived MMSE-optimal augmented spatial receiver. There,
each subcarrier signal is processed jointly with the signal at the
image subcarrier, both with separate but jointly optimized sets
of weights. Consequently, the available degrees of freedom are
doubled while the associated RF chains remain the same as
for the linear RX processing. The numerical examples showed
that I/Q imbalance heavily deteriorates the performance of the
classical per-subcarrier processing. Such performance degra-
dation can be avoided by using the augmented post-processing
and the results show that the augmented equalizer is able
to reach the same performance as the system with perfect
I/Q matchings. Thus the derived augmented spatial equalizer
enables the usage of low-cost components in massive MU-
MIMO devices without losses in the achievable performance.
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