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Abstract

Orthogonal frequency division multiplexing(OFDM) is very useful for the wireless communication system. However,
OFDM is very sensitive to the radio frequency impairments. One of the most important major impairments is the IQ
imbalance between in-phase(I) and quadrature(QQ) branches in the up and down-conversion. IQ imbalance can be
divided into phase and amplitude imbalances. These imbalances make constellation of signal to expand and rotate. The
performance of system is severely degraded. In this paper, a closed-form for the bit error probability of the OFDM
signal in IQ imbalance environment is derived in terms of the function of phase and amplitude imbalance parameters.
So, it will be convenient and useful to evaluate the performance of OFDM communication system with IQ imbalance.
It is confirmed that computer simulation results closely match with the results of the analytical derivation. When phase
imbalance ¢ =20°, amplitude imbalance &=0.1; 0.3; 0.4; 0.5, BER at 107> is severely degraded by 1.8 dB, 3.12 dB,

4.72, and 8.44 dB, respectively.
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[ . Introduction

In recent years, orthogonal frequency division multi-
plexing(OFDM) has been used widely in digital wireless
transmission area. It has been adopted in several com-
munication systems such as wireless local area net-
work(WLAN) IEEE 802.11a", wireless metropolitan
area network(WMAN) IEEE 802.16a", digital audio
broadcasting(DAB), digital video broadcasting(DVB—T)m.
OFDM is also a potential candidate for four-generation
(4G) mobile wireless system. OFDM divides frequency
selective channel into several frequency-flat sub-cha-
nnels that provides greater immunity to multi-path
fading. However, OFDM is very sensitive to the impair-
ments of radio frequency(RF) front-end. A major source
of impairment is the imbalance between in-phase (I) and
quadrature phase (Q) components of signal.

In this paper, we study the impact of IQ imbalance
including the amplitude and phase imbalance on the
OFDM system. Usually, base-band signal is up-con-
verted to radio frequency before transmission through
the antenna. In the receiver side, RF signal is down-
converted to base-band. Both cosine and sine waveforms
are basically used for the OFDM signal representation.
Due to the several sources of inaccuracies, the phase
difference between cosine and sine waveform is not
exactly 90° and they do not have the same amplitude
levels. Then, IQ imbalance causes severely degradation

for performance of system. The effects of IQ imbalance
have been investigated in the several conventional stu-
dies. In [4], [5], up-conversion, down-conversion and IQ
imbalance in analog domain were introduced. The model
for phase and amplitude mismatch was derived in [6].
The effect of IQ imbalance on OFDM system was
investigated in [7], [8]. In [9], simulation results showed
the limit of 1Q imbalance in MIMO-OFDM system. The
authors also designed MIMO receiver architectures that
are robustness to IQ imbalance by exploiting the struc-
ture of orthogonal space-time codes. In [10], authors
proposed an estimation technique for calculating the
imbalance parameter. Estimated parameters are used to
calibrate the receiver imbalance. IQ imbalance and se-
veral impairments which are phase noise, frequency
offset are investigated in [11], [12]. In these papers,
additional effects from channel estimation on IQ com-
pensation and procedure to compensate have been consi-
dered. However, the relationship between performance
degradation and IQ imbalance has not been derived in
closed-form.

In this paper, we investigate the performance of OF-
DM communication system in the IQ imbalance envi-
ronment. Closed-form for the bit error probability is
proposed in the function of imbalance parameters. This
equation is convenient to evaluate the performance of
OFDM system with IQ imbalance. Computer simulation
is carried out verify the closed-form for the bit error
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probability. We find that simulation result is very close
to analytical result.

II . System Description

OFDM can be implemented efficiently by FFT and
IFFT. In transmitter side, IFFT convert signal in frequency
domain into signal in time domain. The simple block
diagram of OFDM transmitter is illustrated in Fig. 1.

Let X=[Xo, Xi,~-, Xy—1]" denotes input data after
serial to parallel converter (S/P). The complex base-band
of OFDM signal in time domain is given by

N—=1 .
()= —}V nZ:}OXne 2reft )<t KNT 1)

where T is the data period, NT is OFDM symbol
duration, &/ ZN%IT is the sub-carrier spacing. After IF-

FT, the signal is converted in P/S converter to transmit.
The sampled time domain signal x(f) is sequence x=[xo,
x1,, xv-1]". L is an integer that is larger or equal to
1, which is called as over-sampling factor. When L=1,
the samples are achieved by use of Nyquist rate sam-
pling. The "L-time over-sampled” time domain samples
can be obtained as

S x 2 g1 LN—1
=)< ¢ IR ()

That is, x=IFFT(X). From now on, we consider the case
L=1.

High frequency modulated signal is implemented by
quadrature modulation. The real and image part of x(f)
are considered as in-phase (I) and quadrature ((J) compo-
nents. The sine and cosine waveforms of local oscilla-
tion are required. Local oscillator(LO) creates cosine wave-
form for I branch, phase this signal is shifted by 90° for
the Q branch. Transmitted signal has the form of

s(H=Kfcosw i+ QX Hsinw,t 3)

where ©. is angle frequency of carrier. Due to the
several sources of inaccuracies', shifting RF signal will
make imbalance in two branches. The /Q imbalance is
generated in the amplitude and phase, which is modeled
in Fig. 2.

So, transmitted signal is represented by

ol Joulos £l oo

Input data | X X
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Output data
—
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[

Fig. 1. Simple block diagram of OFDM transmitter.

£
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Fig. 2. OFDM transmitter with I1Q imbalance.

where € is amplitude imbalance and ¢ is ph:;se imba-
lance between I and Q branches from the ideal case.
The performance of system is degraded by IQ im-
balance.

At the quadrature demodulation, received signal is
multiplied by the local carrier signals cosw .t and sinw .
respectively. After multiplying and low-pass filtering,
the signal is combined in the IQ combiner. If we assu-
me the noise-free channel, the combined signal in com-
plex form is

V(f)z[[(1+_§*>COS“Q*Q(1+*€‘)SM—Q]

2 2 2
| _ )i - )
+/[ I(l 2)sm 9 +Q(1 2)005 2]. (5)
After some Calculationsm], we can derive
D= (cos—%i-l-j—; sin—éﬁ)x(t)
+(—§ cos—%—jsin—%)x*(t) (6)
WD =ax()+ ax*(¥) (N
where x(=I(t)tjO(®); x*(t) is conjugate of x(¢).
a; = cos —% + j‘% sin —% (8)
and, a,= ~29 cos —g— — jsin —gl ©)

After down conversion, complex base-band signal r(f) is
sent to OFDM demodulation. Discrete form of 7(¢) is
found from serial to parallel r=r[ro, 71,-, ry-1]". Taking
the FFT operation, we have

R=a, X+ a,X* (10)
where R=[Ry, R+, Ry-1]"=FFT(), X=FFT(x)=[Xo, X1,
o, XN—I]T
X'=FFTGY=[Xo', X'n-1, Xwzs Xnvz-p0, X010

The received signal is scaled by @ and interfered by
mirror image. The complex conjugate value is scaled by
@ . The second component is self-interference and redu-
ces the noise margin.
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. BER Derivation and Analysis

After up-conversion at quadrature modulation, the
signal 3(¢) is transmitted over AWGN channel. The re-
ceived signal through AWGN is expressed by

s, (D=3(+n() (11)
where n(f)=ngcoswt+n, sin wt and n; and ng are
Zero-mean Gauss1an random Vanables w1th variances o’y
=y, = onl2 .

At the receiver, down-converted signal is obtamed by
multiplying with cosine and sine waveform of local
oscillator at each branch and low-pass filtering(LPF).
For the convenience, we assume these signals in each
branch are 2cosw.t and 2sinw .t respectively. The base-
band signal is represented by

HD)= LPF((Z(I(I + ~§)eog(w4+—§i) +41 ~£).
sin (w€t~ —gl) + 1y cosw i+ aninwct) cos a)ct))
+iLPF(2{ 11+ 5 )cos (wor+ £ ) + 1 -£)-
sin(a}ct-— jﬁz‘s—) +n cosw t+ aninwct) sin wct) (12)

After some calculation we have

7 =[1(1+~§)cos—g— Q(1+ )sm—é]

+J{—1<1——§)sm—é+Q< )cos—g]-i-n,-f-mQ
(13)

According to (6) and (7), (13) can be written as

") = ax(B) + ax™ () + ny+jng (14)

where @, and « are calculated by (8) and (9).

OFDM signal x()=K#H+(f) is a summation of
several waveforms, so that they are complex stationary
Gaussian process with equal distributed, zero-mean,
dh=o%=o*, independent [(r) and Q(f) com-
ponents. We assume

variances,

L=Ky), =It+70) (15)
=), Q=Q(+7) (16)
The joint pdf is expressed by

21,1, Q, Q) =p(L,, [)HQ,, Q)= m .

T2+ QY+ (124 QY 2011, + Q,Qy)
20%(1— p?)

The autocorrelation of OFDM signal

) 17)

expl —

Rxx(f)= E{x*(t)x(l“" T)} = E{[l _le)(12+jQ2)}
=[R11(T)+RQQ(T)]+j[R19(T)—RQI(T)] (18)
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Because I and Q are two independent Gaussian vari-
R (0)=2R{0)=20*=¢2. By the same way we can
compute the autocorrelation R ..(0)=2¢%= o

The power of desired signal can be calculated by
P,=FElaix"(® - apx(t+ 0. o= a,|’R (0)=1a,% (19)

Similarly, power of image component
Pi= ELax(D) - ax"(t+ D]l g =1 2l’R .,.(0) =1 a5l*c% (20)

The ratio of interfered and desired signal is called
image rejection ratio(IIR) defined by

P, la,|? 4 COSZ—Q-!- sin —%
IRR="p = 2|2 =
s % cosz—Q-l- 4 sin —% 1)

This value in dB is computed by IIR(dB)=10log(1+
IIR).
The power of additional noise is

PN=PN,+PNQ=02N1+02NO=OZN (22)

The ratio of desired signal and interfered signal and
noise is

_ Py _ |01|202x
SNR= P+Py Jagl?2+ ob
|a1|202x/02N |a’1|2Es/No

T lalPE+ 1 alPE /Ny +1 (23)
The bit error rate of BPSK or QPSK signal is given

by BER=QU2SNR), where @()=—h= [ "at Re-

placing to (23), we can have the closed form of BER.

— 1/ |“1|2Eb/No
BER— Q( 2 la2l2Eb/N0+1
_ Q( \/ 5 (cos®9/2+e*/dsin’¢/DE /N, )
(%/4cos?$/2 + sin2¢/2)E,/ Ny +1 24
If there is no IQ imbalance i.e. €¢=0 and ¢=0, the

BER formula reduces to the simple form of BER per-
formance of BPSK or QPSK in AWGN channel, BER

= Q(V 2E,/Ny).

IV. Numerical Results and Discussion

The performance of OFDM system with IQ imbalance
is carried out to verify the analytical results by simu-
lation. OFDM system has the following parameters: num-
ber of sub-carrier: N=64, data constellation: QPSK.

Constellation of received signal is shown in Fig. 3.
When 1Q imbalance is amplitude or phase imbalance
respectively, constellation is extended. Otherwise, if IQ
imbalance includes amplitude and phase imbalance,
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imbalance (E»/No=15 dB)
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amplitude imbalance € =0.4
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amplitude imbalance &=0.6
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(d) Signal constellation with only
phase imbalance @=20° (E/Np-

15 dB) 15 dB)

(g) Signal constellation with 1Q
imbalance & =0.4, ¢=30°
(Ey/No=15 dB)

(e) Signal constellation with only
phase imbalance @=30° (E/No=

(f) Signal constellation with IQ
imbalance ¢ =0.2, ¢=30°
(Eb/N(F 15 dB)

(h) Signal constellation with IQ
imbalance &=0.2, @=50°
(Eb/Ny=15 dB)

Fig. 3. Constellation of OFDM signal.

constellation is not only extended but also rotated. In
contrast with other RF impairments e.g. phase noise,
nonlinear amplifier---, IQ imbalance has discrete value
of € and ¢ because constellation is rotated and divided
into several parts instead of spread constellation. When

the received signal excesses the decision threshold, it
will make error in the received data. Obviously, 1Q
imbalance reduces the noise margin of system.

The self-interference (mirror image) component in the
received signal makes degradation in the signal to noise
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ratio(SNR). The quantity of SNR degradation represen-
ted by IIR versus € and ¢ is illustrated in Fig. 4. At
origin £€=0 and ¢=0, value of IIR is also equal zero
and there is no degradation in SNR. The loss of SNR
will increase when ¢ and ¢ increase.

Loss in SNR of OFDM system results in degradation
of BER performance. Simulation of BER performance is
carried out to verify analytical result in Eq. (24). Fig. 5
shows BER performance of OFDM system with only
phase 1Q imbalance. These curves of BER versus Ex/Ny
correspond to ideal case and phase imbalance is ¢=10,
20, 25, 30° respectively. At 107°, BER is degraded by
0.45 dB, 1.66 dB, 2.8 dB, and 5 dB from ideal case 9.5
dB to 9.95 dB, 11.16 dB, 12.3 dB and 14.5 dB. Fig. 6
illustrates BER performance when only amplitude IQ
imbalance is considered. Amplitude imbalance ¢&=0.2;
0.3; 0.4; 0.5 make BER is degraded by 0.5 dB, 1.08 dB,
2.05 dB, and 3.84 dB correspondingly. Fig. 7 and Fig. 8

BeER 107k

Eb/ND (dB)

Fig. 5. BER curves (1) at €=0; ¢=10, 20, 25, 30°.
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Fig. 6. BER curves (2) at €=0.2; 0.3; 0.4; 0.5; ¢=0°.

are BER performances when both amplitude and phase
imbalance are concerned. In Fig. 7, when ¢=10°, ¢=
0.2; 0.3; 0.4; 0.5 make BER is degraded by 0.88 dB,
1.51 dB, 2.59 dB, and 4.53 dB at 10”°. In Fig. 8, when
9=20°, ¢=0.1; 0.3; 0.4; 0.5 make BER is degraded by 1.8
dB, 3.12 dB, 4.72, and 8.44 dB. From all results of
BER performance analysis and comparison, it can be
confirmed that simulation results are very close to
analytical results. Closed-form for probability of bit
error in (24) can be used to estimate or predict the
communication performance of OFDM system with IQ
imbalance.

V. Conclusion

The impairments of RF front-end make degradation in
the OFDM communication system performance. The im-

Eb/ND (4B)

Fig. 7. BER curves (3) at €=02; 0.3; 0.4; 0.5; ¢=10°.
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Fig. 8. BER curves (4) ¢=0.1; 0.3; 0.4; 0.5; ¢=20°.

balance between I and Q branches of up-conversion
stage causes degradation in BER performance. In this
paper, the effect of IQ imbalance is investigated. Clo-
sed-form for error probability for OFDM system with
IQ imbalance is derived. Derived closed-form for bit
error probability is a function of phase and amplitude
imbalance parameters. This form is convenient for eva-
luating the performance of OFDM system with IQ imba-
lance. Computer simulations are carried and simulation
result is very close to the analytical result. When phase
imbalance ¢=20°, amplitude imbalance &=0.1; 0.3; 0.4;
0.5, BER at 10~ level will is degraded by 1.8 dB, 3.12
dB, 4.72, and 8.44 dB, respectively.
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