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Abstract

nonlinear distortions and crosstalk effects jointly.

In this paper, we investigate the joint effects of nonlinear distortions due to high-power amplifier (HPA) and
radio-frequency (RF) crosstalk on the performance of a multiple-input multiple-output-orthogonal frequency
division multiplexing (MIMO-OFDM) system. The performance of the vertical bell laboratories layered space-time
(VBLAST) MIMO-OFDM system, in terms of bit error rate (BER) and system capacity, is derived and evaluated for a
Rayleigh flat fading channel. In the performance analysis, M-ary quadrature amplitude modulation (M-QAM) is
considered and the joint effects of nonlinear HPA distortions and RF crosstalk are studied. Theoretical results and
comparisons are provided for several system parameters, such as the input back-off (IBO) and crosstalk intensity.
It is shown that the results obtained from the theoretical study are very close to the ones obtained from the
simulation. Indeed, we introduce a nonlinear distortion cancellation (NDC) technique to estimate and mitigate

Keywords: MIMO; OFDM; HPA; Crosstalk; Nonlinear distortion cancellation; MMSE

1. Introduction

The combination of multiple-input multiple-output
(MIMO) and orthogonal frequency division multiplexing
(OFDM) guarantees high performance with high data
rates in 4G broadband wireless communications [1]. In-
deed, OFDM combats frequency-selective fading effect-
ively by dividing a wideband frequency-selective fading
channel into parallel narrowband flat fading subchan-
nels, while MIMO systems increase the data rate signifi-
cantly over single-input single-output (SISO) systems by
employing multiple transmit and receive antennas.

Like in classical SISO-OFDM, MIMO-OFDM exhibits
large peak-to-average power ratios (PAPR), i.e., large fluc-
tuations in their signal envelopes. Moreover, the perform-
ance of the transceiver is very sensitive to nonlinear
distortions caused by high-power amplifiers (HPAs). On
the other hand, MIMO transceivers use multiple trans-
mission/reception paths implemented in the same chipset.
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Crosstalk or coupling effect is the result of the interfer-
ence between the signals of different paths, and it affects
the quality of the transmitted signal and degrades the sys-
tem performance. This type of crosstalk can be linear or
nonlinear as explained in [2], where the authors discussed
the difference between linear MIMO crosstalk, which is
relatively benign since it is being corrected by the MIMO
equalizer, and nonlinear crosstalk that is generated before
the HPA. This nonlinear crosstalk is not corrected by the
MIMO receiver, and it is thus much more harmful. HPA
nonlinearity in SISO-OFDM systems was investigated in
[3], where the output at the HPA is expressed as the sum-
mation of the input signal multiplied by a complex scale
factor, and an additive Gaussian noise which is uncorre-
lated with the input signal.

Recent research effort has dealt with the issue of HPA
nonlinearity in MIMO systems. For instance, based on this
study, the effect of HPA nonlinearity on the bit error rate
of quadrature amplitude modulation (QAM) was analyzed
in [4] for MIMO systems. In addition, the impact of HPA
nonlinearity on the bit error rate was studied in [5] for
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SDMA-OFDM systems and was analyzed in [3] in order
to determine the parameters of amplification such as the
complex attenuation coefficient K, and the variance of the
nonlinear distortion 2.

Up to now, in the open literature, these terms have
been investigated analytically only for the soft envelope
limiter (SEL) model [3], and a similar framework was
proposed for the traveling wave tube amplifier (TWTA)
and the solid-state power amplifier (SSPA) models, but
limited actually to a semi-analytic study [3,5].

The compensation methods and comprehensive theor-
etical analysis of several radio-frequency (RF) impair-
ments together, in MIMO communication systems, are
extremely challenging. A crossover digital predistorter
was proposed for the compensation of HPA nonlinearity
and crosstalk in MIMO systems and was evaluated
through simulations [6,7].

In this paper, we investigate the joint effects of HPA
nonlinearity and RF crosstalk in vertical bell laboratories
layered space-time (VBLAST) MIMO-OFDM systems,
and we derive the new closed-form probability density
function (pdf) signal-to-noise ratio (SNR) in different
scenarios: (1) nonlinear MIMO-OFDM system and (2)
nonlinear MIMO-OFDM system with crosstalk.

In addition, we introduce a new approach to derive
analytically K, and o2, and this approach is valid for any
HPA model, such as TWTA, SSPA, and the real mea-
sured one. Thus, a polynomial approximation is consid-
ered in order to calculate the values of these parameters.
Based on this approximation, we provide an analytical
performance evaluation, in terms of bit error rate (BER)
and channel capacity, of a VBLAST MIMO-OFDM sys-
tem under a Rayleigh fading channel and memoryless
nonlinear HPA model. Finally, we introduce a compen-
sation method that aims to estimate and mitigate simul-
taneously the HPA nonlinearity and RF crosstalk at the
receiver side. This proposed method is based on the the-
oretical analysis done in this paper.

Results were supported with MATLAB simulation of a
VBLAST MIMO-OFDM system under a Rayleigh fading
channel. The remainder of this paper is organized as fol-
lows: In Section 2, the system model is introduced. The
approximation of the HPA model is studied in Section 3.
The performance of the VBLAST MIMO-OFDM system
in terms of BER and capacity is evaluated in Section 4.
Section 5 presents a nonlinear distortion cancellation
(NDC) technique for compensating the nonlinear cross-
talk. Numerical results and discussions are presented in
Section 6, while the conclusion is given in Section 7.

2, System model
Let us consider the baseband equivalent VBLAST MIMO-
OFDM system with Nt transmit antennas and Nr receive
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antennas shown in Figure 1. It is assumed that the system
employs Nc subcarriers and M-QAM, and the fast Fourier
transform (FFT) matrix is denoted by V e CN¢ * ¢,

The frequency domain (FD) symbol X} is assumed to
contain the source information, is mapped by using a
VBLAST encoder, and is transmitted over a Rayleigh
fading channel. The transmitted signal xx(n) from k an-
tenna at time instant # is obtained by means of an in-
verse fast Fourier transform (IFFT) of the Xi(n) and is
given by

xr(n) = VX (n) (1)

2.1 Linear MIMO-OFDM system

Before reaching the Nr receiving antennas, the transmitted
signals are affected by the propagation channel, which can
be modeled by the propagation matrix H,,, ;. The received
signal, in a linear HPA case, is represented by

olm) = 3 Ho e (0)ti(n) + nyu() 2)

where m,,(n) is the additive white Gaussian noise
(AWGN) and H,, (n) is an Nc x Nc circulant time do-
main (TD) channel matrix at time instant z, which is
formed by the channel response vector h,,(n) for the
link between transmit antenna k and receive antenna 1.
The FD expression of the received signal is obtained by
taking the FFT of Equation 2 giving

Y, (n) = Vy,(n) (3)

Let Y(n,i) = Vy*(,i) = [Y1(1,0),..., Ynr(m,i)]” denote the
vector of received signals in the linear case for all an-
tenna on subcarrier i. Then, the received signal vector
for each subcarrier can be expressed as

Y (n,i) = H(n, )X (n,i) + N (n,i) (4)

where X(n,i) = [X,(1,0),..., Xne(m,0)]T is the vector that
contains transmitted signals from each antenna and the
Gaussian noise term N (n,{) as obtained by FFT of the
thermal Gaussian noise of the receiver has zero mean
and variance ¢2. The frequency domain channel transfer
matrix H(n,i) in Equation 4 is given by

hi1(n,i) ho(n, i) hne(n, Q)
H(n,i) = h2.1(’:’17i) h2,:2(l’l,i) h2,Nt(:l’l,i)

th,l (I’l, l) thﬁz(l’l, l) th,Nt(”v l)
(5)
where 7, 4(n,i) denotes the Nrx Nt channel coefficient

on subcarrier i at time #n between the kth transmit and
mth receive antennas.
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Figure 1 VBLAST MIMO-OFDM system with nonlinear HPA.
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2.2 Nonlinear MIMO-OFDM system

2.2.1 Nonlinear HPA model

Memoryless power amplifiers are completely character-
ized by their amplitude (AM/AM) and phase (AM/PM)
conversions, which depend only on the current input
signal value. Considering the complex envelope x; = p,;
&% of the HPA input at each branch where p; and 6y de-
note, respectively, the amplitude and the phase of xy, the
complex envelope of a memoryless HPA output zi(n)
can be modeled as follows:

2 () = glae(n)] = A(p,)&(0+P(er)
= S(p)e™ (6)

where g[.] is the HPA transfer function and A(.) and P(.)
denote the HPA AM/AM and AM/PM conversions, re-
spectively. For a nonlinear HPA model, we consider
Saleh's model [8], which has the advantage of good ac-
curacy and reasonable complexity than other models.
The AM/AM and AM/PM conversions can be repre-
sented as follows [5,9]:

Plpy) = P (7)

_ %apy
A(pk) _1+18ppk2

B 1 —’—/))apkz7

where a, and f5, are the parameters that decide the non-
linear level, and a, and f3, are phase displacements. For
validation of our theoretical results, the operating point
of the amplifier is usually identified by the ‘back-off’. In
the simulations, we define the input back-off as [9]

A
IBO = 10log;, ( (8)
0

where A, is the saturation amplitude at the input of HPA
and P, is the input average power. From the Bussgang
theorem and by extending that to complex Gaussian
processes, the output signal at the HPA can be
expressed as [3]

zr(n) = Koxy(n) + di(n) (9)

where K, is the attenuation coefficient and d;(n) is the
nonlinear distortion term uncorrelated with the input

signal xx(n). The value of K is given by Dardari et al. in
([3], eq. (19)) by

k=35 (p) + 2]

where S’(py) denotes the differential of S(p;). Further-
more, the variance of the nonlinear distortion term (e

(n)) is given by ([3], eq. (37))
o = E[|dx(n)|]
= E[Jzx(m)[*] ~[Ko*E [Jxx (n)|*]
=E [’S(Pk) ﬂ ~|Kol*E[pi?]

(10)

(11)

The received signal at each antenna y)"(n) is consti-
tuted by the superposition of independently faded sig-
nals, associated with the Nt antennas sharing the same
space-frequency resource. The received signal is as-
sumed to be corrupted by a Gaussian noise at the array
elements, and it is given by

P = 3N Hoi ) (Ko () + di(n))

+n,,(n) (12)

The frequency domain expression by taking the FFT
of the received signal is given by

Yo (n) = Vy, (n) (13)

The received signal vector at each antenna on sub-
carrier (i) can be written as [5,10]

YM(n,i) = KoM (n,i)X (n,i) + H(n,i)D(n,i)

+ N (n,i) (14)

2.2.2 Nonlinear MIMO-OFDM with RF crosstalk

In MIMO transceivers, crosstalk or coupling effects are
the result of the interference between the signals of differ-
ent paths [6,11]. It is worth noting here that this crosstalk
would be more significant in a highly integrated circuit
(IC) design, mainly when the size of the prototype is small.
This undesired MIMO crosstalk can occur in the radio
channel, between the antennas, and also in the radio IC.
In [12], crosstalk between the different RF transceiver
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chains has been identified as a key issue when integrating
a MIMO radio IC. This type of crosstalk can be linear and
nonlinear as explained in [2], where the authors discussed
the difference between linear MIMO crosstalk, which is
relatively benign since it is being corrected by the MIMO
equalizer, and nonlinear crosstalk that is not corrected by
the MIMO receiver and is thus much more harmful. In
this paper, we focus on nonlinear crosstalk that occurs at
the radio IC level and introduced before nonlinear HPA
(see Figure 2).

The HPA's output with the effect of crosstalk can be
modeled as

zi(n) = g{xk(n) + Z?zl#kmk(n)@xl(n)

(1) + Koy, a(m) @i ()
(n) (15)

= I(oxk
+ dy

where g[.] is the HPA response for each branch, x,(n) is
the output of the FFT bloc of the / path of the trans-
ceiver, and ay(n) is the filter representing the crosstalk
and modeling the coupling between path / to path & [7].
Since the signals in different paths use the same operat-
ing frequency and have equal transmission power, cross-
talk is more likely between the paths. In fact, the
received signal of a nonlinear crosstalk is represented by
L+cross (ﬂ) — I:ile,k(Vl)

Nt
X (Koxk(n) + KOZZ:I kk(xlk(n)@x[(n)

(1)) + ()

Yo

(16)

In order to simplify the presentation of the theoretical
study, we limit the calculation for two transmit antennas
and two receive antennas, and we consider that the
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coefficients of the crosstalk are equal (ay; = a1o=a) [6].
The frequency domain expression of the received signal
vector for each subcarrier can be written as

yNEreoss (i) = KoH(n, )X (n,8)
+ KoaH(n,i)X(n, i)

+ H(n,i)D(n,i) + N (n,i) (17)

xl(n, i)

where x(1, i) = {"2(”7 i)] .

2.3 MMSE receiver

The transmitted signals by different antennas on subcarrier
i can be estimated with the aid of a suitable linear combiner
W e CV * N The minimum mean square error (MMSE)
detection minimizes the mean square error between the
transmit signal and the estimated signal [13-15]. The
optimal MMSE weight is obtained as follows:

W ase) = [HY (n, i)y H(n, i) + 0>1) " HY (n, i)
(18)

where 2 is the noise variance and I is the matrix iden-
tity. After equalization, the approximated signal can be
expressed as

X(n,i) = Woamse) Y (1, i) (19)

3. Nonlinear distortion characterization

To evaluate the nonlinear distortion effects in MIMO-
OFDM systems, in this section, we propose an analytical
study to calculate the parameters of a power amplifier.

H
/ST \ =
X 1 x ol hy, ! v, %
i 1 111 | V1
7S] e @ HPA : . _>: : FFT —>
! 1
— - ]
RN e aCR i ,
- | o@21 | o =
% 1 1 ! vy
o 1 ! VP N
2 ! 1 ! v! | o
] | . ! 1 o
it >< | Nonlinear ,(‘ i 3
0 1 | ]
3 | S crosstalk |/ Vo ;
> oz | A <
| " ! ! [ [
l‘j_/' gy v,| ~|%
B - ! 223/ 1 2
X§ T L% C/_ N Z2) v L Yy [ B R N
N\ J J A 4 \ )
Figure 2 VBLAST MIMO-OFDM system with nonlinear crossstalk for Nt = Nr= 2.




Dakhli et al. EURASIP Journal on Wireless Communications and Networking 2014, 2014:61

http://jwcn.eurasipjournals.com/content/2014/1/61

In [3,5,16], the terms of the nonlinear distortion are
evaluated with semi-analytic expressions. Motivated by
these results, we will expand this study in order to intro-
duce a new approach to derivate analytically the com-
plex attenuation coefficient K, and the variance of the
nonlinear distortion 03, and this approach is valid for
any HPA model even a real measured one. Thus, we will
consider a polynomial approximation in order to calcu-
late the values of these parameters.

3.1 Polynomial approximation of the nonlinear distortion
As it is expressed by Equations 10 and 11, the analytical
computation of K, and the variance o¢? is not feasible
because we have to calculate the expectation (E[.]) of the
complicated function. Therefore, we propose a new ap-
proach, which is based on polynomial approximation in
order to estimate the nonlinear HPA. In this case, the
output of HPA can be represented by

2(t) = 3 pusax()l(e) (20)

) L )
= ¢ ZIZOPZHIPZHI = S(p(¢))e?™

where L is the order of the polynomial and p,; , ; are
the complex coefficients. Therefore, the new expression
of S(p) is given by:

S(p) = >, Pt (21)
Then,
S(p) =) 2+ py1p” (22)
and
)5 s (23)

3.2 Estimation of py , ,
In order to estimate the polynomial coefficient p,; , 1,
we use the least square (LS) approach [17]:
A -1
P = (X Xk) X'z (24)
Figures 3 and 4 show the AM/AM and AM/PM ap-

proximation, respectively, using a polynomial with order
L =10. The considered HPA is Saleh's model with a, =1,
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Pa=1, @, =%, and B,=1 and input back-off (IBO) of
8 dB. We note from these results the AM/AM and AM/
PM characteristics given by Saleh's model and those ob-
tained by polynomial approximation are well matched.

3.3 Analytical computation of K, and af,

Using this polynomial approximation, the analytical ex-
pression of K is obtained by substituting (22) and (23)
in (10) and we obtain

1 L !
1(0 = iE [21:0(21 + 2)p21+1p2 i|

= %ZLO(W +2)pu 1 E[p”] (25)

This will be achieved by computing the 2 /-order mo-
ment (E[pzl]), where p can be written as

)1/2

p=(a*+b (26)

where a and b represent the real and imaginary parts,
respectively. Then,

E[p*) =E[(+ )| =E[Y,_ Cla¥p? 7]

1 ; . oy
= ClE[a|E[p" 7] (27)
where
o= " (28)
L)
. o T (22
E[a¥] = 051(2;—1)11035% (29)
E[p*] = o) (21-2j-1)!!
ol (21-2j+1)
— g2 7( ) (30)

N

where !! represents the double factorial. Thus, E[p*] is
given by
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(31)

where I is the gamma function, which is defined as

+oo

I'(x)= e tdt (32)

0

Finally, substituting (31) into (25), we obtain the fol-
lowing expression for the complex attenuation coef-
ficient Kjy:

1t
Ko = 521 (20 +2)py 1
iy ol (((20-2j+1)
Zl I Py Z/F(zl_zﬂ) 2 F( 2 )
j=0 (1)1 @b NG Nz

(33)

To compute the variance of the nonlinear distortion
02, we substitute (21) into (11), and the theoretical ex-
pression of o2 is given by

o} = ZIL:O |P21+1 |ZE {pZ(ZHI)}

L
2
22 i0jul

< E {p(zl+1)+(2j+1)} —|K0|2E [p2]

Re (P21+1P2/+1)

(34)
where
riar oar (M
oar(Hr

= (27)_[ (2) (O’ﬁ _'_0%) _ UZ + O’i (35)

2] _ 2t 2Dy

E[P + } — =0 (2T 1o !aal
iT (2 -1 ((2(2041)-2j+1)
02(21+1)—2/ ZIF(ZITH) 200 ]r(%)

b NG NG
(36)
@+ w !

(204+1)+(2/+1) | 2 Y
E [p ] ZJ:O F <(21+1)+(2i+1) —j> %a
! 5 !

e QLD+ ((21+1)+(21+1>-2;+1)>
2j+1 ] Nt )y )7 )
IR ar(Eh? r( 2
b NG NG
it 4+ D!y a2 I(%57) 20701 (253)
=0 GII+1)! T47b NG NG
(37)
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Substituting (35), (36), and (37) in (34), we can rewrite
(34) as

QL+ 5 ar)-

Page 7 of 15

. : —j 2(20+1)-2j+1
20 2 ()

L 2 2[+1
oy = Zl:0|l’21+1| Z/‘:O m% b

j=0

v v

; i T (ZEL) 9(+1) T (243
L I+j+1 (l+/+1)' ©o2(l+1 2T 2 r
+2 ].7,:0’],19{@(17214-1192#1) {Z 7‘73{”;;( 0 2I05) ) ~|Ko|* (02 + ) (38)

A+ 1)

Table 1 presents the comparison of simulation and
analytical results of K, and ¢ obtained, respectively, by
((10) and (11)) and ((33) and (38)) for different values of
IBO. According to this table, we observe a good agree-
ment between simulation and theoretical results of the
both Ky and o2, which validate our analysis.

4. VBLAST MIMO-OFDM performance analysis

In this section, we evaluate analytically the performance
of VBLAST MIMO-OFDM systems in terms of BER and
the system capacity. The considered system uses M-QAM
under a Rayleigh flat fading channel.

4.1 BER performance
A fading channel can be considered as an AWGN with a
variable gain. The gain itself is considered as a random

v e

variable with a given probability density function (pdf).
Moreover, the average BER can be calculated by aver-
aging BER for instantaneous SNR over its distribution:

+oo
BER = / BERM-QAM(}’)py(Y)dY (39)
0

where p,(y) is the pdf of the instantaneous SNR (y).

On the other hand, the bit error rate of a system,
which implements M-QAM over a Rayleigh fading chan-
nel, can be defined as [18]

4 3y,log,M
BERp- = 40
MQAM ™ Jog, M Q ( V™ M- (40)
%

where M denotes the modulation order and y, =
while Q is the standard Q-function defined as [18]

0;

By

08 ! I
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Figure 4 AM/PM polynomial approximation.
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Table 1 Comparison of analytical and simulation results
of K, and o7 for different values of IBO, L =10, and
Saleh's model

IBO Simulation Analytical method
(d8) Ko % Ko %
4 0.5556 +0.2152i 0.0142 0.5560 + 0.2152i 0.0142
6 0.6625 +0.1953/ 0.0074 06627 +0.1953i 0.0074
8 0.7556 + 0.1643i 0.0034 0.7560 + 0.1641/ 0.0033
10 0.8304 +0.1287i 0.0013 0.8302 +0.1288i 0.0013
1 [t e
Q)= [ eFas (a1)
V2 Jy

In this investigation, we calculate, theoretically, the
instantaneous SNR (y) and its pdf (p,(y)) in different sce-
narios such as linear MIMO-OFDM, nonlinear MIMO-
OFDM, and nonlinear MIMO-OFDM with crosstalk.
This analysis will be used to calculate the average BER.

4.1.1 Linear MIMO-OFDM system

Assuming perfect channel equalization in the receiver, a
soft estimate can be obtained by applying the MMSE
equalizer that's given by

X(n,i) = [HY (n, iy H(n, i) + 021 H" (n, i)
X [H(n,i)x(n,i) + N (n,i)] (42)
The instantaneous SNR in the linear case after

equalization is

2
‘ 2

‘ (M (n, i) H(n, ) + 020] MY (n, iy H (n, §)| 02
YL = 2
|3 O, 0, 8) + 020) 1 ()| 02
= OOt o
(43)

where H(n,i) is assumed to be a flat fading one, and it is
exponentially distributed with a pdf given by

1

pyly)=qe® (44)

where Q = E[|H(1,i)|?].
Then, by substituting (40) and (44) into (39), the aver-
age BER of the M-QAM MIMO-OFDM system can be

expressed as
3y,log,M\ 1
(\/ M1 )

(45)

BER = / R Q
0 log,M
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As shown in [18,19],

pER: = MUy !

S

4.1.2 Nonlinear MIMO-OFDM system

The analysis presented in this section is based on the as-
sumption that the distortion caused by the HPA can be
modeled as additive Gaussian noise, whose variance de-
pends on the input signal and the nonlinearity HPA
characteristics. Applying the MMSE equalizer to the re-
ceived signal Y"“(n,i), the following estimate of the
transmitted signal is obtained:

X(n,i) = [H (n, iy H(n,i) + o>1) " H (n,i)
[KoH(n,i)X (n,i) + H(n,i)D(n,i) + N (n,i))
(47)
The instantaneous SNR at the receiver in the presence
of HPA nonlinearity is

_ Ko H(n, i)

- 48
[#H(n, i) "0 + o 9

YNL

Let y, = |Ko|*0? and N=|H(ni)|? and Equation 48
then becomes

_ YN -
YNL_Naé—i_J}% =f(N)=y (49)
and the pdf is given by
Py, ) =px(e(y)e (y) (50)

where g(y) = N and g(f(N)) = N. Moreover, the instan-
taneous SNR in the nonlinear case can be expressed by

y&(y)

y =5
g(y)oy + a2

(51)

From this equation, we can derive g(y) and then deter-
mine g’(y), which are given by (52) and (53), respectively:

YO,
= 52
g(y) — (52)
2
’ can
g'ly) =2 (53)
(YC_yUd)
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Substituting Equations 52 and 53 in Equation 44, we
obtain

2 2
YCGH yon )/C
_ exp- Osy<~—
pyNL (Y) - Q(Yc_yafzi)z <Q(yc_y0%)> 0"21
0

otherwise

(54)

Then, the average BER of the M-QAM nonlinear
MIMO-OFDM system is given by

Ye
2 4 /3y, log, M 2
BERNL _ /d Q V108, YcOn >
0 logzM M-1 Q(yc_yo*é)
2
Yo,
exp- | ——*—~ |dy
(Nn-wﬁ))

4.1.3 Nonlinear MIMO-OFDM system with RF crosstalk
The detected signal at the receiver level in the presence
of HPA nonlinearity and crosstalk can be expressed as

(55)

X(n,i) = [H™ (n,))H(n, i) + o20) " H" (n, i)
[KoH(n, )X (n,i) + KoaH(n, ))X(n, i)
+H(n,i)D(n,i) + N (n,i)]
(56)

Then, the instantaneous SNR of the received signal is
defined as

) - Ko|*02|H(n,i)|* (57)
NLteross =17 l’)‘z(aé + |K0|2|“|2‘792c) +o,

Proceeding in the same way as in the previous

case, we considerer that N = |H(n,i)*,y, = |Ko|*o>
and y, = |Ko|*|a|*0?, Equation 57 becomes
y N
YNL+cross = c f(N) = y (58)

No% + Ny, + 02

The instantaneous SNR in the nonlinear with crosstalk
can be expressed by

Y:&(y)
g)oi+g(y)y. + a2

y = (59)

Similar to the nonlinear case, we can deduce g(y) and
gy

2

yo.

aly)=—2Lon 60
) Y YOuYYe (60)
, YO

g'(y)= (61)

N (yc_ygfi_YYe) ’
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and similar to the previous case, we can obtain a closed-
form expression for the pdf p, | o

2
YeOu YO Ve
— exp- O<y<
Pryreoss(VY) = Q(y —yo2-yy,) (Q(yc—yo'fl—yye)> 2 +y.
0 otherwise

(62)

Therefore, the BER expression of the M-QAM nonlin-
ear MIMO-OFDM system with crosstalk is given by

4
log, M Q (

YO Yo,
exp- d
Q(y.-ya%-yr.) (Q(YC—YUZ—YVe)> 4
(63)

_Je
BERNL+cross — /",Zﬁye 3)/17 10g2M>
0

M-1

The integrals presented in Equations 55 and 63 are
computed using MATLAB in order to determine the
average BER, because the calculation of these integrals is
intractable. An approximation for this integral is sug-
gested in full perspective.

4.2 System capacity

It is theoretically known that the MIMO system can pro-
vide a greater data rate than a conventional wireless sys-
tem. Thereafter, we focus on the effects of nonlinear
amplification due to HPA and nonlinear crosstalk on the
system capacity in the MIMO-OFDM system in the
presence of an MMSE receiver. The theory expression
for system capacity is given by [5]

C = logy[1 +7] (64)

In this analysis, we substitute the SNR expressions de-
termined for different cases (linear (43), nonlinear (48),
and nonlinear with crosstalk (57)) in Equation 64. Thus,
we obtain the system capacity considered for the three
cases considered, which are given by (65), (66), and (67),
respectively:

2 N (2
€L = log, |1 +7‘7"|H(2"’l)| ] (65)
Un
K202 |H(n,i)|*
Cui = log, |1+ 0201 66
e & |H(n, i)|2031 + 02 (66)

Kol 02| H(n, i)
[H(n,)* (02 + |Ko[*|a|*02) + o2
(67)

1+

C’NL+cross - 10g2
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5. Compensation of the joint effects of HPA
nonlinearity and crosstalk

In this section, we introduce an iterative estimation and
cancellation technique of nonlinearly distorted signals re-
ceived by the VBLAST MIMO-OFDM transmission sys-
tem. Indeed, we also propose two compensation methods
for two scenarios such as (1) the nonlinear distortion due
to HPA without crosstalk and (2) the nonlinear distortion
with crosstalk. Accordingly, in scenario 1, we attempt to
estimate and mitigate the nonlinear distortion term in
Equation 9, and in scenario 2, we try to eliminate jointly
the nonlinear distortion due to HPA and the crosstalk
between the different branches present in Equation 15.

5.1 NDC in nonlinear MIMO-OFDM system
The NDC technique requires knowledge of the HPA
parameters. Indeed, the aim of this paper is to estimate and
mitigate simultaneously HPA nonlinearity and RF crosstalk
basing on the theoretical analysis done in this paper, where
we used a polynomial approximation in order to estimate
the nonlinear HPA (g[.]), which is described in Section 3.
The proposed method is applied at the receiver side,
independently for each antenna using its own HPA pa-
rameters, and it consists of the following steps [5,20-22]:
Step 1: Using Xy, an estimate 7y of the original trans-
mitted constellation X is obtained by applying hard de-
coding. This process is carried out for all active carriers.
Using the recovered symbols, the time domain signal is
reproduced via IFFT as
#i(n) = Vri(n) (68)
Step 2: Using the nonlinear model of HPA that is
approximated by a polynomial model, which is described
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in the previous section, we compute the estimation d;(q)
(n) of the nonlinear distortion terms using Equation 9:

ad(m = g [#7(n)-Ko £ (n) (69)
where &,((q>(n) is the time domain representation of the

recovered signal at iteration g and g[.] is the estimated
transfer function.

The frequency domain term is obtained by applying
the FFT operator:

DO(n) = v{g[#? (n)|-Kor? (m)} (70)
Step 3: The distortion f);:” (n) is subtracted from the

estimated signal :?c,((q). Using this result, the transmitted
constellation is re-estimated in a new decoding/distor-
tion cancellation step, and the process can be carried
out iteratively.

The technique is depicted in Figure 5.

5.2 NDC in nonlinear MIMO-OFDM system with crosstalk
We now present the proposed method in order to com-
pensate the joint effects of the nonlinear distortion and
crosstalk in the MIMO-OFDM system. Based on the
scheme proposed in the previous subsection, we propose
the compensation method for the two impairments
together. This technique is provided in Figure 6.

Using the same steps above, we can determine the

estimation of the nonlinear distortion term 3,@ (n):

M-QAM

Nz

'_
%)
<
-
@
>

decoder

demodulation

Distortion
calculation

=}

)

Harddecision

e

FFT V-BLAST encoder
K K, o o
be $ gaeg% Qg
Ko, + dy Ko%, + d; Eﬂ EFT
HPA [_EPA
/l\ i2 Q]

Figure 5 Proposed VBLAST MIMO-OFDM receiver structure for iterative NDC of nonlinear distortion using MMSE receiver.
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demodulation
Hard decision
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®
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Figure 6 Proposed VBLAST MIMO-OFDM receiver structure for iterative NDC of nonlinear crosstalk.

J

A T Nt X
CUORS {x’@(") + Zzzl,#k“lk(”)@x;q)(n)} -

K+ 2 oot
(71)

The frequency domain term is obtained by applying
the FFT operator:

DO = v{g[&?m+ Y anlnes? (n)]-

s+ T, anes o)
(72)

This process can also be performed iteratively.

6. Numerical results

In this section, we present theoretical and simulation results
illustrating the performance of VBLAST MIMO-OFDM
systems with the proposed compensation techniques for
HPA nonlinearity and crosstalk, specifically on the average
BER and system capacity with 64 subcarriers and 16-QAM.
Herein, we consider a Rayleigh flat fading channel that is
quasi-stationary on two successive OFDM symbols. The
values of the parameters considered for HPA are assumed

tobe a, =1, B, =1, a, =%, and /))p:]"

The average BER performances of the nonlinear
MIMO-OFDM system and the nonlinear MIMO-
OFDM system with crosstalk are shown in Figures 7
and 8, respectively. In this plot, the first set of curves
(solid lines) is obtained from simulation results of the
system proposed, and the second set of curves (marker
lines) is obtained from the theoretical study of the BER
using (46), (55), and (63). It can be seen that the results
obtained from closed-form expressions are very close
to the ones given by the simulation.

Figure 7 illustrates BER versus Eb/NO for IBO = {4-8}.
As illustrated, Eb/NO imposes a great impact on the
BER performance. When IBO is decreasing (e.g., 4 dB),
the modulated input signal can be higher than A, with a
strong probability. This gives an irreducible error at
higher Eb/NO.

To further illustrate the effect of the crosstalk in the
nonlinear MIMO-OFDM system, Figure 8 shows the
average BER for different values of the crosstalk parame-
ters, fixing IBO = 8 dB. The residual degradation on the
performance of the average BER, due to the nonlinear
crosstalk, increases as the parameters (a) become larger.

The system capacity (using Equations 65, 66, and 67)
for the nonlinear MIMO-OFDM system and the nonlin-
ear MIMO-OFDM system with crosstalk is plotted in
Figures 9 and 10, respectively.
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Figure 7 Theoretical and simulation results for BER vs SNR for MIMO-OFDM systems. Polynomial approximation of HPA with 16-QAM,
Nc =64, Nt=Nr=2, and IBO = {4-8-10} dB.
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Figure 8 Theoretical and simulation results for BER vs SNR for MIMO-OFDM systems. Polynomial approximation of HPA with 16-QAM,
Nc =64, Nt =Nr=2,1BO =8 dB, and different values of crosstalk.
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Figure 9 show the effect of the nonlinearities due to
HPA on the system capacity with different values of
IBO. As noticed, the nonlinear distortion result causes a
decrease in the capacity of MIMO-OFDM systems. On
the other hand, the capacity of the system improves with
the increase in the value of the IBO.

In Figure 10, we show the effect of the crosstalk on
the system capacity as a function of Eb/NO, taking into
account the HPA nonlinearity, for IBO=8 dB. As
observed, the system capacity increases as the crosstalk
parameters (a) become larger. However, profiting of the
RF crosstalk can improve the system capacity.

Finally, Figures 11 and 12 show that the nonlinear distor-
tion and the nonlinear distortion with crosstalk in MIMO-
OFDM systems can be effectively compensated using the
NDC technique even after one iteration. Moreover, an
increase in the number of iterations gives a significant
improvement in the estimation procedure, although it
slightly increases the complexity of implementation.

7. Conclusions

In this paper, we have investigated and analyzed the joint
effects of nonlinear HPA and crosstalk on the perform-
ance of the M-QAM VBLAST MIMO-OFDM system, in
terms of BER and system capacity over a Rayleigh fading
channel. In addition, new closed-form pdf signal-to-
noise ratios are derived in order to develop theoretical
expressions of the average BER in different scenarios:
nonlinear MIMO-OFDM system and nonlinear MIMO-
OFDM system with crosstalk.

On the other hand, we have introduced a compensa-
tion method (NDC) that aims to estimate and mitigate
simultaneously the HPA nonlinearity and RF crosstalk at
the receiver side. This proposed method is based on the
theoretical analysis done in this work.

Numerical results showing the joint effects of HPA
nonlinearity and crosstalk on the performances of
MIMO-OFDM were evaluated and compared. In fact,
the results obtained using the theoretical expressions of
BER are very close to the simulation results, and it was
shown that the NDC method can efficiently compensate
these two impairments even after one iteration.
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