Chapter 9
RF Impairments in MIMO Transceivers

Direct conversion transceivers are very attractive in wireless communications, due
to their simplicity and ease of integration. However, their performances are de-
graded with radio frequency (RF) impairments. On the other hand, multiple input
multiple output (MIMO) wireless communication systems promise higher spectral
efficiency than what is possible with single input single output (SISO) wireless
communications [1], [2]. However, the significant improvement in wireless sys-
tem performance using MIMO is achieved by increasing the system complexity,
which may result in higher sensitivity and lower performance in practical systems.
Therefore, the degradations due to system impairments must be studied to evaluate
the realistic behavior of the MIMO systems. Moreover, compensation techniques
can be applied by understanding the effects of these impairment factors. These
impairments may be noticed as phase noise, DC offset, in-phase / quadrature (I/Q)
imbalance, and power amplifier nonlinearity [3]. In this chapter, the impairments
due to phase noise, DC offset and I/Q imbalance are analyzed and the different
techniques for their prevention and compensation are discussed. The power am-
plifier nonlinearity effects are investigated in the following chapter.

9.1 Phase Noise in MIMO Transceivers

Among various RF impairment factors, phase noise is one of the major sources of
performance reduction in wireless communications systems. This section is main-
ly focused on the characterization and evaluation of phase noise effects on MIMO
systems. By modeling the performance degradation due to the phase noise, a clear
understanding of the system and compensation techniques are provided. On the
other hand, by providing analytical relations to model the phase noise effects, the
performance can be evaluated without the requirement of conducting very time-
consuming simulation studies.

9.1.1 Phase Noise Model

Two types of phase noise models exist. When the system is phase locked, the result-
ing phase noise is low; and, it is modeled as a zero-mean, stationary, finite-power
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228 Chapter 9 RF Impairments in MIMO Transceivers

random process [4]. On the other hand, when the system is only frequency locked,
the resulting phase noise slowly varies, but is not limited; and, it is modeled as a ze-
ro-mean, non-stationary, infinite-power Wiener process [5]. We assume the system
employs a phase-locked loop (PLL) for its local oscillators (LO); hence, we use the
first model. For simplicity, it is assumed for simplicity that the phase noise (6, ), is a
zero-mean Gaussian distributed random variable [6], [7]:
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where 0, is the phase noise power.

©.1)

In the first step, we extract the bit error rate (BER) of a SISO system with phase
noise. If a SISO system has phase noise in the receiver, the received signal is ex-
pressed as:

r= hakeje” +w 9.2)

where r is the received signal, & denotes the channel gain, a, is the transmitted
symbol, @, is the random phase caused by the phase noise, and w is the additive

white Gaussian noise (AWGN), which is a statistically independent and identical-
ly distributed (i.i.d.) complex-valued Gaussian random variable with a variance of
Ny. It is assumed that /4 is a complex random variable.

The BER relation for MQAM (M-ary quadrature amplitude modulation) using
the signal-space concept is extracted as [8]:
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It is shown that, using only the first term in (9.3), the BER can be closely approx-

imated as [8]:
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It is a straightforward task to extract the BER of MQAM due to a sample function
of 6, using same procedure as in [8], [9]:
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where V. denotes  the  received  signal-to-noise  ratio  (SNR)

(i.e. y, = received signal power / 0'3,) and M is the constellation size. Hence, the
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SER(6
BER can be approximated as p,(6,) = ﬁ This relation provides the same
0g,

results as in [8], [9], if 8, =0. The average BER is obtained by taking the ex-
pected value of (9.5) with respect to the probability density function (pdf) of &

n’

therefore:

P.M)={" p,.(M.0,)fo (6,)d, - (9.6)

SISO Case Study

In a SISO scenario, one transmitter and one receiver are connected in an AWGN
channel. The analytic, simulation and measurement results of the SISO system
over the AWGN channel using a very low phase noise oscillator are presented in
Figure 9.1. The measurement setup is discussed in the appendix. As can be seen,
the simulation agrees very well with the analytic results. However, there is a gap
of about 1 dB between the analytical and measurement results. This is due to im-
plementation loss and the phase noiseless assumption of the signal generators that
operate as LOs. Nevertheless, there is good agreement between analytical and
measurement results. Figure 9.2 shows the results of the SISO system over the
AWGN channel with phase noise. As shown, the measurement and analytical re-
sults are well matched.
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fitted curve
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SNR (dB)

Fig. 9.1 BER of AWGN SISO without phase noise
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Analytic
Sigma2=0.004

15 20
SNR (dB)
Fig. 9.2 BER of AWGN SISO with phase noise (PN)

9.1.2 Impact of Phase Noise on MIMO Systems

A flat-fading MIMO channel with Ny transmitting antennas and Ny receiving an-
tennas is considered. Assuming perfect synchronization, the input-output relation-
ship is given by:

y=Hx+w 9.7

where y is an Ngx1 vector of the received signal, H denotes the NxxN; channel
matrix, x is an Nyx1 vector of transmitted symbols, and w is an Ngx1 additive
. . . . . NpsN. ..
white Gaussian noise vector. The channel coefficients {hyu} Rl T1 are statistically
u=lv=
ii.d. complex-valued Gaussian random variables with a variance of 1. Compo-
nents of the noise vector have the same distribution with a variance of N,.
If singular value decomposition (SVD) is applied to H, it can be expressed as

H=UDV* 9.8)

where (.)" denotes the conjugate transpose; D is an NgxNr matrix with singular

m A
values of H, and {\/7 } , and m=min(N,,N,), are its main diagonal elements;

1 .
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U and V are NpxNy and NpxNy unitary matrices with left and right singular vectors
of H as their columns, respectively. Substituting (9.8) into (9.7) we have:

Y =Dx'+w 9.9
where:

A A A
y=U"y,x'=V"x w=U"w (9.10)

Since U and V are unitary matrices, the powers of x and x”are the same, as well
y and y’, w and w’. The equivalent model of the system is depicted in Figure

9.3, which shows that the MIMO channel is converted into m parallel SISO sub-
channels by SVD.
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Fig. 9.3 MIMO system and equivalent model

Due to the randomness of the entries of H, the subchannel power gain (A4 ) is a
random process. The marginal pdf of the unordered eigenvalues is [10]

1 m—1 k‘ ~
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where Li (/11) is the associated Laguerre polynomial of order %, i.e.:

(k+d)!
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Fig. 9.4 MIMO system and equivalent model with phase noise

The MIMO system model with phase noise is presented in Figure 9.4. The input-
output relationship is given by:

y=OHx+Ow 9.13)

where @ is an Ngx N matrix of phase noise and is defined as follows:

e/t O
0= 9.14)
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Equation (9.13) can be rewritten as:
y’ = U"OHWY + Uew (9.15)

Since the ©® is diagonal, (9.13) can be written as (9.15); and, since the @ is di-
agonal and its entries have unit norm and random phase, the entries of @w’ are
complex Gaussian random variables with a zero mean and a variance of Nj. It is
easy to see that the received signal can be again converted into m parallel SISO
subchannels by SVD. The difference from the previous situation is that each sub-
channel is affected by similar phase noise.

y’ = @U"HVY + Ow' = O@Dx"+On’ (9.16)

MIMO Case Study

The results of the MIMO system with adaptive modulation using Ny = Ng = 4 are
presented. The Rayleigh fading channel is used in the channel simulator. Moreo-
ver, we used zero forcing receivers for MIMO detection. Figure 9.5 shows the re-
sults. As shown, there is good agreement between the analytic and measurement
results.

9.1.3 Adaptive Modulation MIMO System

In the adaptive modulation scheme, the channel is estimated in the receiver and
fed back to the transmitter. The transmitter adapts the transmitting signal, consi-
dering the feedback information, in order to maximize the spectral efficiency. We
assume that the feedback path does not introduce any errors and delay. The avail-
ability of channel information at the transmitter allows it to adapt its transmission
power and rate relative to the channel variation [9].

A variable-rate variable-power (VRVP) adaptation scheme is considered here.
According to the above decomposition, the adaptive modulation MIMO problem
can be considered as an adaptive modulation SISO problem using the unordered
eigenvalue distribution [12]. Hence, the following problem should be solved by
maximizing the average spectral efficiency (ASE) [13]:

maximize ASE =me, [k (A)]

1™

subject to €, [Pl(/?j)]z %1 (9.17)
BER,(4,) = BER,,

where A, is the first unordered subchannel power gain, and P, k, and BER, are

the power, rate and instantaneous BER in the first unordered subchannel, respec-
tively. We use only square MQAMSs; therefore, the available rates are:
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Fig. 9.5 Rayleigh MIMO: (a) without phase noise, (b) with phase noise



9.1 Phase Noise in MIMO Transceivers 235

- (e
| adapive E Y 7 B ZZ‘;C”O’! N

mod ulation estimation

DYYB

A feedback |

Fig. 9.6 An adaptive modulation MIMO structure
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The solution to the problem in (9.17) has been given in [3]. Therefore, the optimal
power and rate policy is:

k() =7, b <A<y,
M,-15> (9.19)
P(/U—T?’ U Sh<uy,
p -1.5 .
where M, =2", —————— and v, denotes the power gain boundary and
ln(SB R,.)
equals to
v, = MM K (9.20)
i K

where >0 and is the Lagrangian multiplier that is determined from the average
power constraint equation:

Z D Pdf;ﬂ(/il) . r, Pdfa(/ll) 4 p 021
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After obtaining u , the average spectral efficiency can be achieved from:

R=m3 | [ Par, = [ par, (| 9.22)
i=1 ' "
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9.1.4 BER of Adaptive Modulation MIMO System with Phase Noise

The average BER of the system can be expressed as:

N
Y P.(M;)xlog,(M )P(v; S 4 < v},
Average BER =L~

(9.23)

N
D log, (M )P(v; <4, <v,,,)
Jj=1

where F,(M ;) is the BER corresponding to M ;, and P(v; <4 <v,,,) is the
probability that 4, falls in the jth region, so that:

P, <4 <) = [ PAf, (A)dA 0249

From (9.17), the received signal power ( P, ) due to adaptive modulation can be

rec

expressed as:
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From (9.5) and (9.25), for a sample function of 6,, P,(M ;) can be written:

4(\/_ ) B

= 9.26
o011 (1 (2i+1)sin6,) [~2In(SBER,,) | (9.26)

Pp(M;,6,)=

The BER of the system for a constellation size of M ;is obtained by taking the
expected value of (9.26) with respect to 8, , so that:

-6
PM)=[" (M ;,6,)¢"% d, (9.27)
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Therefore, the total BER of the adaptive modulation MIMO system under the im-
pact of phase noise can be expressed in a closed form as:

Z“{Pf(Mj)><log2(MJ.)XJ':H Pdf, (ﬂq)dﬂl}

BERy = (9.28)
Z[logz(M DX L " Pdf, (4 )dll}

j=l
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Case Study: Adaptive Modulation MIMO

The performance of the adaptive modulation MIMO system under the impact of
phase noise is presented in this section. The measurement results of the adaptive
modulation MIMO system are presented for a set of average SNRs, Ny= Ny =4

and k;(4)e {0, 2,4,6, 8} . The Rayleigh fading channel is used in the channel si-

mulator. A BER,, of 107 is selected for our measurements. Perfect channel state
information (P-CSI) is assumed at both the transmitter and receiver [14], [15].
However, the phase noise affects the channel estimation. The channel is estimated
in the receiver and fed back to the transmitter. To determine the training sequence
length, we use the available algorithm [16]. Due to P-CSI, the total average spec-
tral efficiency, which is only related to channel model and average SNR, is the
same as the case without phase noise. This is validated in Figure 9.7 using simula-
tion and measurement results.
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Fig. 9.7 ASE of adaptive modulation MIMO system under impact of phase noise
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In Figure 9.8-a, the measurement results of an adaptive modulation MIMO sys-
tem in a Rayleigh channel without phase noise are depicted. As shown, the mea-
surement results are close to the analytical results.The measurement results of an
adaptive modulation MIMO system over a Rayleigh channel with phase noise are
shown in Figure 9.8-b. This figure shows an unusual behavior, where by increasing
the average SNR, the BER is more degraded. This is due to the use of higher con-
stellation sizes in larger SNRs by the adaptive modulator. The higher constellation
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AM MIMO

BER (Without PN)

sizes are more sensitive to the phase noise. Hence, the total impact of higher con-
stellation sizes and greater sensitivity to phase noise results in BER degradation. As
can be seen in this figure, there is good agreement between the measurement and
analytical results.
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Fig. 9.8 BER of an adaptive MIMO system: (a) without phase noise, (b) with phase noise
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The average spectral efficiency (ASE) of an adaptive modulation (AM) MIMO
system for six various antennas configurations are shown in Figure 9.9. The re-

sults are obtained with BER,, = 107 and k(A4)e {0, 2,4,6, 8,10} ,and agree with
the available literature [12].
The average BER rate versus the variance of phase noise, 0';!, for different

SNR values are shown in Figure 9.10. The average BERs are presented for a
BER,,, equal to .01 and .001. As expected, by increasing the phase noise power,

the BER is more degraded.
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9.2 DC Offset in MIMO Transceivers

The DC offset is the other impairment that reduces the performance of MIMO
transceivers. In this section, the DC offset impairment is investigated. The com-
plete removal of the DC offset in the receiver can be very difficult; therefore, the
baseband compensations are usually required [19].



240 Chapter 9 RF Impairments in MIMO Transceivers

10" -~ -AM MIMO (With PN) -~ _""
| | | AN
| | |
— Nt=4 Nr=4 SNR=20dB |
* Nt=2 Nr=2 SNR=20dB ‘
----- Nt=4 Nr=4 SNR=10dB ‘ ‘
O Nt=2 Nr=2 SNR=10dB | & |
1 1 |
| | 4 . |
. ®
108 - S A -
N !
o ® |
I SURT o WS ; |
m :' |
: !
: !
|
|
|
|
|
- |
10° CTTT T T
| |
| |
| |
............. ‘ ‘
7 | : :
10° 10" 10°2 (pN) 107 10"

Fig. 9.10 Average BER of an AM MIMO system versus a; (analytic results)

9.2.1 DC Offset

The DC offset sources can be broken down into static DC error and dynamic DC
[20]. Static DC errors are generally caused by self-mixing of an LO within the re-
ceiver itself. On the other hand, dynamic DC errors are caused by time-varying ef-
fects within the receiver environment. Some examples of the dynamic DC offset
errors are [21], [22]:

o Reflections of the receiver LO, which is radiated from the receiver anten-
na and are picked up by receiver and down-converted to DC.

e Rapid changes in signal strength (such as those caused by fading), which
are not tracked quickly enough by the receiver automatic gain control
(AGC). The receiver is overloaded for a short period of time, and second-
order nonlinearity causes the DC offset.

DC offset degrades the BER of the receiver. It may also saturate the baseband ana-
log-to-digital converters (ADCs), which dramatically reduces their dynamic range.
Therefore, the DC offset must be removed by means of a calibration method.
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Sometimes a capacitive coupling can be used, although it removes some of the
wanted signal energy. When the signal has significant energy at or close to DC,
capacitive coupling is not an option; however, it is possible to perform DC calibra-
tion, which is done by injecting an appropriate DC level to cancel the DC offset.

The measurement process is typically performed in the digital domain by long-
term averaging. The calculated DC offset is subtracted from the received signal
(typically in the analog domain). DC calibration has a disadvantage in that it is not
capable of completely compensating for dynamic DC offsets, whereas static DC
offsets can just be removed. In the remainder of this section, wherever DC offset
mentioned, it means the uncompensated part of the DC offset. Since the nature of
a dynamic DC offset is random and is best modeled by a zero-mean complex
Gaussian distributed random variable [23], we assume the same model for the un-
compensated part.

9.2.2 BER OF MQAM Modulation under Impact of DC Offset

In this section, a closed form expression for the MQAM BER under the impact of
DC offset is extracted. The relation between the input and output of a digital
communication system can be written as:

s'=s+c+w (9.29)

where s=s, + Jso is the transmitted signal, ¢ = ¢, + Jjco is the DC offset, s’ is the

received signal, and w is the AWGN.

It is assumed that static DC offsets have been removed entirely and that the re-
maining DC offset is modeled as a zero-mean, complex Gaussian distributed ran-
dom variable. It is considered that the channel varies very slowly, as well as the
DC offset; and, the channel is constant in the transmission interval of a frame.
(Since the sources of dynamic DC offset are related to the time-varying effects
within the receiver environment, the same flat model as the channel model is ac-
ceptable for DC offset.)

The constellation diagram of a square QAM signal is depicted in Figure 9.9.
This figure shows the s and s” points with Gray-encoded bit mapping. If we use
the method of signal-space concepts or the method of [25], the BER for a specific
realization of ¢ is:

1-1 ) .
PbMQAM(d,C)E( /\/ﬁ)xz 0 (2i 01)d+cl N
logzM i=1 %5

(9.30)

Q[(Zi—l)d-ﬁ-cgJ+Q[(2i_1)d_c1 ]+Q((2z‘—l)d—cg]
0%5 0%5 0%5
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Fig. 9.9 The constellation diagram of a 16-QAM signal

where d is the Euclidean distance of two adjacent points. The Q function is very
low for a large argument, so we can approximate relation (9.30) to:

1—
[ZMQAM d.c)= (log/g)x Q[dg;cl J+
2 2

d+c, d—c d-c
0 - [ +0 - 1 +0 - QJ
el

It is known that ¢; and ¢, are Gaussian with a zero-mean value and a variance of

o’ / 2 and that:
A _ |37
o, \2mM-1)"

where y, = [2RdBIALPONT s the received symbol SNR, and o7, is the AWGN
o

w

(9.31)

variance.
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After some calculations, the MQAM BER under the impact of a DC offset is
approximated as:

4(1- Yr)

PDC(M):%MQAM (rp)= X

LT
mo,, SDCR (9.32)

- T
[ )

where SDCR iﬁ /o (signal-to-DC ratio).

9.2.3 MIMO System Model

Each receiving path is impaired by a DC offset, which causes BER degradation in
comparison with the ideal case. The input signal, x (N, x1), and the output sig-

nal, y (N, x1), are related by:
y=Hx+w+c (9.33)

where w (N,x1) is the AWGN and its entries are independent and
w, ~ C?\/(0,0'i,) ;and, ¢ (N, x1) is the DC offset.

The following definitions are supposed:

A A A
m=min(N,,N,), n=max(N,,N,), d=n—-m (9.34)

If singular value decomposition (SVD) is applied to H, (9.33) is converted to:
y =Dx"+w'+c¢’ (9.35)

where:
A A A A
y=U"y x'=Vx,w'=U"w, ¢'=U"c (9.36)

and U, V and D are the decomposing elements of H, which means H=UDV* .
Uand V are unitary matrices, so the powers of x and x’, y and y’, W and

w’, ¢ and ¢’ are the same, respectively. D is a diagonal matrix with the singular
m

values of H, with {,Mi} as its main diagonal elements. As discussed in the
i=1

previous section, a MIMO channel by SVD is converted into m parallel SISO
subchannels.



244 Chapter 9 RF Impairments in MIMO Transceivers

9.2.4 BER of Adaptive Modulation MIMO under the Impact
of DC Offset

In this section we investigate the impact of DC offset on adaptive modulation in
MIMO systems. It is assumed that all subchannels have been impaired by the DC off-
set with identical variances, so the total bit error probability is equal to the average
BER in each subchannel. The average BER in each subchannel can be expressed as:

Average BER =

N
;PDC (M ;)xlog, (M )P(v; < 4 <v,,,) ©37)

N
D log, (M )P(v; < 4 <v,,))

J=1

where Pp,.(M ;) is the BER that corresponds to M ;, and P(v; < 4 <v,,,) is the
probability that 4, falls in the jth region, so that:

P, <4 <vp) =" Pdf, (A)d4, (9.38)

The adaptation scheme is

received signal power =

—2In(5BER,,)C? (9.39)

tgt

AR (&) = —————(M, 1)

From (9.32), the P,-(M;), under the impact of DC offset in the adaptation

scheme, can be written as:

afi- 1 .
P (M) = 2( P/JM_J) xI[Q( [~2In(SBER,,,) + )
T
wo? spcg 8 Mi (9.40)

,rno-‘fﬂl
+Q(\/m—ﬂ):|ez%DCR dp

Therefore, the total BER of MIMO adaptive modulation under the impact of DC
offset can be achieved as:

BER, = Average BER (9.41)
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where BER; is the total BER of the adaptive MIMO system, including the effect
of the DC offset.

9.2.5 BER Upper Bound of Adaptive Modulation under the
Impact of DC Offset

In [26], the following upper bound relation is used for computation of the AM
power gain boundaries:

BER <0.2exp [ﬂj (9.42)
M—1

where y, is the symbol SNR.

To improve the DC-affected AM system, adaptation should be done with re-
spect to the DC offset, because a DC offset degrades the AM MIMO BER, allow-
ing it to become greater than BER,, . If we change the mechanism of adaptation

by considering DC offset, we may have a BER better than BER,, .

In order to obtain the optimal power and rate adaptation for different modula-
tion schemes, we need an expression for each modulation technique’s BER in
AWAGN that is easily inverted, with respect to rate and power.

Unfortunately, the approximated DC affected BERis neither easily invertible
nor easily differentiable in its argument, but these properties are needed for
adaptive modulation design. Therefore, we now introduce a new tight BER ap-
proximation for MQAM affected by DC offset in AWGN, which can be easily dif-
ferentiated and inverted. The following upper bound for (9.32) is an acceptable
approximation for optimal adaptation:

sy, (9.43)
P
(M _1)[1+ ma? SDCR]

As can be seen, the variance of noise (O'i,) has been added to the variance of the

Py (M) <0.2exp

DC offset (0”); and, an upper bound relation for the BER in the presence of DC

offset has been calculated from (9.42) (replacing O'i, by O'i, +07). It is a logical

approximation due to the nature of the dynamic DC offset, as explained in Section
4. The accuracy of this approximation has been verified by simulation and is shown
in Figure 9.12. Based on this upper bound, a new adaptation mechanism is used:

kl(/ll):rn U;££1<Ui,+l

M. -10° P (9.44)
B(A4)=—"——]1+ . U SA <V
i) 4 K { mo? SDCR] A <t
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where
,_M-M_ U P
v, =— == 9.45
T K mo? SDCR O4
and u is calculated from:
NM,—1] ¢ Pdf; (4) - Pdf; (&) P
Y| [ dA | S d g | = (9.46)
o K 44 da A 2 p
mo,, | 1 >
mo,, SDCR

DC offset effect on MQAM, 62 =1

SNR (dB)

Fig. 9.12 The accurate and approximate BER under the impact of DC offset
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In this case, the BER is calculated as:

1= )

et 271-7})10 M "
mo? SDCR 824,

[ P (9.47)

Q| ,[-2In(5BER,)| 1+————— |+
{ \/ ’g’[ mo? SDCR] 4

-mo? B?
+0| |-2insBER ) 14—L | =g || Pcr 4
! mo? SDCR

The ASE is calculated from (9.22) with v instead of v, .

9.2.6 Throughput Analysis

The throughput is defined as the ratio of the average number of bits in packets that
are successfully transmitted in any given time interval, divided by the number of
attempted transmissions in that interval [29]. It is a key measure of quality of ser-
vice (QoS) for wireless data transmission systems. The transmitter constructs the
packet and transmits it through the air. The receiver processes the received packet.
Upon detecting the packet, the receiver sends an acknowledgment, either positive
or negative, back to the transmitter. For ease of analysis we assume this feedback
packet goes through a separate control channel and arrives at the transmitter in-
stantaneously and without error. If the receiver detects any error and issues a nega-
tive acknowledgement, the transmitter uses a selective repeat protocol to resend
the packet. It repeats the process until the packet is successfully delivered.

We define the throughput of a system as the number of payload bits received
correctly per second:

T'=——R/P, (9.48)
where T is the throughput, L is the packet length, C is the non-information bits
in a packet, R, is the bit rate, and P,, is the packet success probability. It is as-

sumed that L >> C, so

is ignored; therefore, T = R,P,,.

R, is the bit rate, so it is equal to R,=Ryz +Rqn +..
+R;; =R (1, +...+1 ), where 7, is the number of bits per each symbol in the
first subchannel, 7 is the number of bits per each symbol in the second subchan-

nel ... to r, , which is the number of bits per each symbol in the last subchannel.

I
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R, is the symbol rate in each subchannel. Each packet contains N symbols in the
first subchannel, N symbols in the second subchannel ... to N symbols in the

last subchannel. The BER in the first subchannel is F,(r;) and F,(r;) in the

second subchannel ... to B, (7, ) in the last subchannel. The probability that all the
bits are transmitted successfully in the first subchannel is (1 - B, ))N‘r" and ... to

N.r
(1— B, (r, )) ", which is the probability that all the bits are transmitted success-

fully in the last subchannel .
Since any bit error in the packet results in a loss of the packet, the P, in our

VRVP AM system is calculated as:
N N,
P, =(1-R)) " ... (1-p,0;)) (9.49)

where N, is the number of symbols in each subchannel, 7 ,j=1,...m is the
number of bits per each symbol of the jth subchannel, and B, (r; ) is the error

probability of a bit. Now the throughput can be calculated as:

T(r,....r, )=R(r, +...+1,)
Vo N (9.50)
x(1-B,(;)) "o (1-B )

where R is the symbol rate of the system and is the same for all subchannels. Fi-
nally, the average throughput is obtained as:

N N
AT =) T, )X
o 9.51)
p(vi, <A <Y, 415000 Y; <A, <V )

m

where p(v, <4 <V,,,....0, <4, <y ) is the probability that the constella-
tion size in the first subchannel is 2" and in the second subchannel is 2" and ...

to 2" in the last subchannel. The probability is calculated using the joint proba-
bility density function (pdf) of the unordered eigenvalues [28].

Relation (9.51) is very complicated, so we may approximate it with a simpler
relation. For an approximation of (9.51), we may replace the B, (r, ), j=1,..,m,
with the average BER ( BER; ) by using the average value approximation. On the
other hand, the average of (i;1 +...+7r ) is equal to ASE, defined as R. Equation

(9.51) can be approximated as:
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N N N,r,
AT =~ ASExXR,x Y. 3 (1=-B,(5)) " ...

i=1 i,=1

(I_Pb(rim )) xp(, < A4 < Vs ¥y S A < v, 1)

N N
= AT = ASEXR x> ... > (1= BER, )" ")

i=1 i,=1

p(vi, <A< V41000 U; <4, < vi,”+1)

ASEXN,

AT = ASEXR, (1-BER;) (9.52)

where BER; is calculated from (9.41).

Equation (9.52) is very simple and easy to detect, but it causes approximation
when calculating the average throughput (AT). Accordingly, the BER degradation
of AM MIMO systems under the impact of DC offset can be evaluated. The com-
ponent modulation schemes are uncoded quadrature amplitude modulations

(QAMs) with & (4)e {0,2,4, 6,8, 10} .
We set BER,, =107. It is assumed that the channel is known perfectly. At

first, the effect of the DC offset on rgw adaptation design is not considered; hence,
the ASE remains unchanged (similar to corresponding curves in [28], but later, in
the new design of AM, ASE alters). Six transmit-receive antenna configurations
are achieved and depicted in Figure 9.13. The simulation results are also depicted
in Figure 9.13. For all receiving branches, the DC offset is set to SDCR =20dB .

The BER; curve can be achieved from (9.41).

Figure 9.14 shows the BER, curve for 6 different configurations of transmit-
receive antenna in the non-ideal case (SDCR =20dB) and the ideal case
(SDCR = Inf"). As can be seen in Figure 9.14, by increasing the number of anten-

nas, the MIMO adaptive modulation BER is less degraded. The SISO system is
more degraded in comparison with the MIMO systems. The (2,2) configuration
has the worst BER performance, and the (16,4) has the best BER performance
among the MIMO systems. This is expected, since according to the definition,

O'C2 is proportionate to the reverse of m.

The BER of MIMO adaptive modulation under various SDCR values for (2,2)
and (4,4) structures is depicted in Figure 9.15. Moreover, Monte Carlo simulation
results are shown in Figure 9.15. As expected, by decreasing the SDCR, the
MIMO adaptive modulation BER is more degraded. Due to the adaptation me-

chanism in the ideal case, the actual instantaneous BER lies below the BER,, .
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Fig. 9.13 ASE of AM MIMO in 6 various system configurations by supposing
BERtgt =107 , versus SNR :%_2

w

When the SNR is low or the DC offset is not critical, the actual BER is as good as
the ideal case; however, when DC offset gets more severe, the BER becomes
greater than BER,

gt *

Figures 9.14 and 9.15 also show that the impact of DC offset on the BER is
higher for higher SNRs, meaning that the BER is more degraded in the high SNR
region. This is because the AM system uses high order component modulations in
this region, which are more sensitive to the DC offset. This result can also be seen

7
(M -1)
so be seen that, in low SNRs (low P ), the effect of the DC offset is very small,
which is also shown in Figures 9.14 and 9.15. The BER of a new design for an
AM MIMO system for a (2,2) configuration is depicted in Figure 9.16
(SDCR =15dB ,25dB ). As shown in this figure, in the new design of AM, the

BER remains below BER,, = 107.

In Figure 9.17, the ASE of the new design of an AM MIMO system for a (2,2)
configuration is depicted (SDCR =15dB,25dB ) and compared to the ASE of the
traditional design of an AM MIMO system. It is shown that the ASE of the new
design of an AM MIMO system is decreased. Thus, improvement of the BER
leads to a lower ASE. The proposed AM mechanism helps to avoid BER degrada-
tion by adjusting the spectral efficiency.

easily with considering that is constant in VRVP AM systems. It can al-
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The throughput results for the (2,2) configuration are shown in Fig. 9.18. It has
been supposed that R =1M Symbols/S and N, =50. In this figure, the

throughput of an AM MIMO system under the impact of a DC offset
(SDCR =25dB) is compared to the throughput of ideal case (i.e. without DC off-

set) and the throughput of the new design of an AM MIMO system. As can be
seen in this figure, the DC offset degrades the throughput dramatically, and the
new design of AM improves it. Due to the BER degradation, the throughput is de-
creased in the high SNR region. There is an acceptable agreement between simu-
lation results and analytic results in most situations.As may be seen, the difference
between the analytical and simulation results is higher with larger SNRs. Howev-
er, this is predictable, due to the use of larger constellation sizes by the system in
higher SNRs. As discussed, the analytical relation only predicts the performance
degradation due to the DC offset imperfection.

The imperfections due to the other parameters, such as phase noise and I/Q im-
balance, also have impacts that are more noticeable in larger constellation sizes,
which correspond to larger SNRs. Accordingly, the difference between the simula-
tion and analytical results will be greater with high SNRs than those with small
SNRs.

12 oo

----- Without DC Offset, Anal. | *
* Without DC Offset, Simul. : o !
SDCR=25dB, New Design,Anal. o
107 o sDCR=25dB, New Design,Simul. R
=== SDCR=25dB, Traditional Design,Anal. L |
¥ SDCR=25dB, Traditional Design,Simul. |
8 B . .
| | | | |
—_— | | | | |
7] | | | | |
o | | | | |
Qo | | | | |
s6 - SR SRR R S IR ;
e | | | SN |
< | | LNk |
4 7777777 o [P A | |, A _
| | N :
| | S
| | | \ |
R N I S T

‘ | | I S
| | | | \ |
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Fig. 9.18 Average throughput of AM MIMO in the presence of DC offset. N, =50
R, =1M Symbol/S N, =2, N, =2, BER,, =107, SNR :%_2 (2,2)

w
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The calculated closed form expressions for BER and throughput give us a use-
ful tool to determine whether an ideally designed VRVP AM MIMO system can
work in the presence of DC offset.

9.3 1/Q Imbalance in MIMO Transceivers
The I/Q (in-phase/quadrature) imbalance in MIMO systems is also a limiting fac-

tor. In this section, the impact of I/Q imbalance on adaptive modulation MQAM
MIMO systems is investigated.

9.3.1 I/Q Imbalance Model

The distortion parameters, 4, and v,, are related to the amplitude and phase im-

balances between the I and Q branches of each receiving path in the RF/analog
demodulation process.

(I+o) cos(27rfL0t + )

Zi

LPF
l — N ) DSP
~<L
WN

—(l-o) sm(27rf Lo

2

Fig. 9.19 I/Q imbalance in a direct conversion receiver

A simplified model for this distortion is the assumption that there is an ampli-
tude imbalance, @, and a phase imbalance, 8, between the I and Q paths of the
mixer, as depicted in Figure 9.19. For such a case, the g and v, parameters can

be written as [31]:

U= cos(g) + jasin(z)
2 2 9.53)
V= acos(g) - jsin(g)
2 2
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9.3.2 MIMO System Model

A flat-fading MIMO channel with N, transmitting antennas and N, receiving an-
tennas is considered. Assuming perfect synchronization and perfect channel state
information (CSI) at the receiver, the input-output relationship is given by:

y=Hx+w (9.54)

where y is an N,x1 vector of the received signal; H denotes the N,x N, channel ma-
trix; x is an N,x1 vector of the transmitted symbols; and, w is an N,x1 additive
white Gaussian noise (AWGN) vector. The entries of w are also assumed to be

independent and w, ~ CV (0, 0?). The channel coefficients, {hﬂv}:if\:)’_l, are

statistically independent and identically distributed (i.i.d.) complex-valued Gaus-
sian random variables with a variance of 1.

Components of the noise vector have the same distribution with a variance of
Ny. The received signal, y, after distortion by I/Q imbalances becomes [32]:

z=py + ny* (9.55)
M 0 0 vy O 0
0 : 0 v
where p= lfz 0 and v=| . g 0
0 0 ... uy 0 0 ... vy

r

The distortion parameters, (4, and v, are related to the amplitude and phase im-

balances between the I and Q branches of each receiving path in the RF/analog
demodulation process. A simplified model for this distortion is the assumption that
there is an amplitude imbalance, a, and a phase imbalance, 6, between the I and Q
paths of the mixer, as depicted in Figure 9.20.

For such a case, the g, and v, parameters can be written as [31]:

é. o.
. =cos(—)+ jo. sin(—
e (2) j, (2)
v, =0, cos(%)— jsin(%) (9.56)

A A A
We define m=min(N,,N,),n=max(N,,N,), d=n—m. If the singular value de-
composition (SVD) is applied to H, it can be expressed as:

H=UDV" 9.57)
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Fig. 9.20 An adaptive modulation MIMO structure

where (.)" denotes the conjugate transpose; D is an N,x N, matrix with singular

values of H, and {\/Z }m are its main diagonal elements; and, U and V are N,x N,

i=1
and N)x N, unitary matrices with left and right singular vectors of H as their col-
umns, respectively. For the detection and estimation process, the MIMO system
should be converted to an m parallel SISO system. Hence, z should be multip-

lied by U™ [33]:
2'=U"UuDx’ + UMoU DX + U pw + Utow” (9.58)

A A
where z'=U"z and x'=V"x . Since U and V are unitary matrices, the powers of
x and x are the same, as well z and z. If we assume that &’ =1—u , where [
is the identity matrix; then, (9.58) is written as:

Z/=Dx’- UM p'UDX’ + UM U Dx” + UM pw + UMow” (9.59)
Because Dis a diagonal matrix, the elements of z’ can be written as:
z = \//Tixi’ +m ]+ (9.60)

where nj = -u,"W'UDx’ +u,"oU'Dx” , nj=u,"uw and nj=u,"ow".
From (9.60), we can see that the I/Q imbalance introduces n;; as the cross

channel interference; therefore, the subchannels are no longer parallel. Although
in reality the elements of x” usually have values chosen from a set of finite sym-
bols, we assume the entries of x” are i.i.d. Gaussian variables, i.e. [33]:
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, P

xX; ~ CN(0,—) (9.61)
m

P . o .
where — is the average transmitting power constraint of each subchannel. Under
m

this assumption, n’ is a zero-mean complex Gaussian random variable with the

variance of 0'3; . We can calculate O',f/ as:
o = Eljn}" 1+ Ejn," 1+ Enn}"

p L ) L 962
=—u;" (WUDD"U"W” +U'DD" U™’ )u; + o (i + 0" ),
m

w1

9.3.3 Impact of 1/Q Imbalance on BER of Adaptive Modulation
MIMO

The BER of an MQAM signal in an AWGN channel can be approximated as:

BER(M,.):“(l‘l/\/E)Q( |37, J (9.63)
log, (M) M; -1

where ¥, is the symbol of the received SNR.

As seen, the received signal power ( P, ) due to adaptive modulation can be

expressed as:
—2In(5BER

2
1gt )O-w
3

P, =4R4)= (M, -1) (9.64)

One can approximate the BER of a subchannel by considering (9.63) as:

41-1/ M, ~2In(5BER, )0
BER,y(M,.H) = (10g/(M )’)Q\/ n( - 5 )0, (9.65)
2 i

’
n

BER(M,,H) has the joint pdf of unordered eigenvalues [35]. We can approx-

imate the subchannel BER by averaging the O',f/ using:

E,lo2)=4 xﬁuiﬂ (p’p’* + vv*)ui +olu” (pp* + vv*)ui (9.66)
m

where 7, = [ " A4 Pdf; (4)d4, -
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If we consider:

semn(F L0t 2eshiaiasad]
’ |

j=L..N,

An approximated upper bound for the BER can then be achieved:

- _ —2In(5BER,,,)o
. . My, \/ nGBER, O, | co
log, (M) A

The average BER of the adaptive modulation MIMO system impaired by I/Q im-
balance can be expressed as:

N
D BER,, (M ;)xlog,(M ,)P(17, < 2, <1,,,)
BER,, ="—— (9.69)
D log, (M )P(17, <4, <7,,))

J=1

where P(17; <4 <n;,,) is the probability that 4, falls in the jth region as:

p(nj < ,11 < 77.”1) = J’lm

7;

Pdf, (A)d A, (9.70)

9.3.4 1/Q Imbalance Compensation in Adaptive Modulation
MIMO Systems

To compensate for a distorted adaptive modulation MIMO system, adaptation
should be done with respect to the I/Q imbalance. In order to obtain the optimal
power and rate adaptation for different modulation schemes, we need an expres-
sion for the BER in AWGN that is easily inverted, with respect to rate and power.
Accordingly, we now introduce a new BER approximation for the MQAM dis-
torted by an I/Q imbalance in AWGN.

From the results of the last section, the following upper bound can be intro-
duced for optimal adaptation as:

(M—l)%i

The values of ¢rand 6 are not known at the receiver; therefore, for the implemen-
tation of a new adaptation scheme, we use the average of a, in terms of and &
statistics:

BER,,(M) < 0.2exp (iJ 9.71)
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E[%] = —2cos(D) +(1+E[a*])  (9.72)

mo,,

Based on the definitions of @and @, E[a]= E[@]=0. If we assume a small &:

1
E[cos(£)] = 1—g E[6%] (9.73)
Accordingly,
E[%]=_ P ~ol)+1+0? (9.74)
O-W w

Now the BER relation is approximated as:

-1.5
BER,, (M) <0.2exp - Ys (9.75)
(M -1)( ) +1+0))
Based on this approximation, we introduce a new adaptation mechanism as:
kl(/%): L ni,s;il<77i,+l
M,~102 , , (9.76)
P(/%)_ ﬂq KCF 7755/11<77i+1
where the compensation factor (CF ) is defined as:
7 P 2, 1 5 2
CF =4 ——(0,+—0;)+1+0, (9.77)
O-w 4
and 77 = M, _f,w" “er.
The Lagrangian multlpher, [, is calculated as:
N oM. Pdf, (4) Pdf, (4) P
M, j i (A | fﬂ*ﬂldﬂlz d (9.78)
i=1 /11 M /11 mo_WCF

and the ASE is calculated as:

R=m | [ Par, i - [ par, Gz | 9.79)
i=1 ' o
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9.3.5 BER Analysis

In this section, an experimental study is presented; and, the analytical relations are
compared with measurement results. The effect of an I/Q imbalance (for two sets
of phase and amplitude errors) on the BER of adaptive modulation MIMO is de-
picted in Figure 9.21. The BER of an ideal adaptive modulation MIMO is also il-
lustrated in this figure. The comparison between the ideal and impaired systems
shows the extreme degradation of the adaptive MIMO system due to the I/Q im-
balance. Good agreement between the measurement results and the simulation re-
sults can be observed in this figure. It can be seen that the approximated analytic
BER upper bound follows the simulation and measurement results very well. The
impact of different parameters on BER is determined from this analytic expres-
sion. Figure 9.21, however, shows an unusual behavior: by increasing the average
SNR, the BER became more degraded. This response is expected, because the
adaptive modulator uses high-order components, which are more sensitive to I/Q
imbalance, in the modulation of high SNR regions.
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Fig. 9.21 BER of an adaptive modulation MIMO system with I/Q imbalance

Figure 9.22 (top) shows the BER of an adaptive modulation MIMO system im-
paired by an I/Q imbalance before and after the compensation operation by

supposing o, =0.3dB and 0, =5".
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Fig. 9.22 (Top) BER of an I/Q imbalance compensated adaptive modulation MIMO system,
and (bottom) ASE of an 1/Q imbalance compensated adaptive modulation MIMO system
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