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Abstract: Direct-conversion transceivers are gaining increasing attention due to their low power consumption.
However, they suffer from a serious in- and quadrature-phase (I/Q) imbalance problem. The I/Q imbalance can
severely limit the achievable operating signal-to-noise ratio (SNR) at the receiver and, consequently, the supported
constellation sizes and data rates. In this paper, we first investigate the effects of 1/Q imbalance on orthogonal
frequency division multiplexing (OFDM) receivers, and then propose a new 1/Q imbalance compensation scheme.
In the proposed method, a new statistic, which is robust against channel distortion, is used to estimate the I/Q
imbalance parameters, and then the I/Q imbalance is corrected in the frequency domain. Simulations are performed
The results show that the
proposed 1/Q imbalance compensation method can achieve bit error rate (BER) performance close to that in the

to verify the effectiveness of the proposed method for I/Q imbalance compensation.

ideal case without I/Q imbalance in additive white Gaussian noise (AWGN) or multipath environments. Furthermore,
because no pilot information is required, this method can be applied in various standard communication systems.
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1 Introduction

Orthogonal frequency-division multiplexing
(OFDM) is a widely recognized and standardized
modulation technique for broadband wireless sys-
tems. Because of its ability to elegantly cope with a
multipath environment, it has been widely used for
wireless local area networks (WLANs) (IEEE, 1999),
digital audio broadcasting (DAB) (Shelswell, 1995),
digital video broadcasting (DVB) (Reimers, 1997),
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fixed wireless access (Koffman and Roman, 2002),
etc. Furthermore, the lower cost and lower power
consumption requirements of the fifth generation
(5G) networks (Chen and Zhao, 2014) have resulted
in the development of integrated, cost- and power-
efficient OFDM receivers.
frequency (IF) or direct-conversion receiver (Abidi,
1995), as shown in Fig. 1, is an attractive candidate,
because it avoids costly IF filters and allows for eas-
ier integration than the super-heterodyne structure.
However, there are also some drawbacks in using a
zero-1F architecture. In a super-heterodyne architec-
ture, the in- and quadrature-phase (I/Q) modulation
and demodulation are performed in the digital do-
main, which results in a perfect I/Q separation. On

The zero-intermediate
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Fig. 1 Block diagram of the zero-intermediate fre-
quency (IF) direct-conversion receiver

LPF: low-pass filter; LNA: low noise amplifier; ADC: analog-
to-digital converter

the other hand, the zero-IF architecture performs
I/Q modulation and demodulation in the analog do-
main. The non-ideal match between the I/Q compo-
nents will result in I/Q imbalance and decrease the
bit error rate (BER) of the systems. The impact of
I/Q imbalance in OFDM systems was investigated
by Hieu et al. (2007) and Lopez-Martinez et al.
(2011), and the BER analysis was given by Yang
et al. (2013).

Many previous studies have investigated the is-
sue of I/Q imbalance compensation in OFDM sys-
tems. Generally, these methods can be divided into
two categories. The first is the pilot-assisted method.
The basic idea is that the I/Q imbalance parame-
ters are estimated by using pilot subcarriers in the
frequency domain (Tarighat et al., 2005; Sung and
Chao, 2009; He et al., 2011; Wu et al., 2014). The
second is the pilot-free or blind method. The main
idea is that the 1/Q imbalance parameters are es-
timated by using the statistics of the received sig-
nals without any prior pilot information (Ylamurto,
2003; Inamori et al., 2009; Anttila, 2011; Anttila and
Valkama, 2013; Kim et al., 2014; Gu et al, 2016). Be-
cause the blind I/Q imbalance method does not re-
quire standard-specific structures for parameter esti-
mation, this method is independent of the standards
and can be applied in various standard applications.
Hence, we focus mainly on the blind form of I/Q
imbalance compensation methods in this study.

Generally, the blind form I/Q imbalance com-
pensation methods in OFDM systems can be divided
into two types: time-domain method and frequency-
domain method. For the time-domain method, the
idea is to estimate the I/Q imbalance parameters or
to design a compensation filter by resorting to the
statistics of the received signals in the time domain.
For example, several adaptive filtering schemes in the
time domain were proposed to eliminate the I/Q im-

balance by using the circularity property of common
communication signals (Anttila, 2011; Anttila and
Valkama, 2013; Kim et al., 2014; Gu et al., 2016).
Schemes in the frequency domain were also proposed
to eliminate the I/Q imbalance by using the statis-
tics of the received signals (Windisch and Fettweis,
2004). However, most of these methods focus only on
compensating for the I/Q imbalance, without consid-
ering the distortions caused by channels. Taking the
effect of the distortion caused by the channels into
account, in some studies it is assumed that chan-
nel estimation can be obtained before I/Q imbalance
compensation (Ylamurto, 2003). In practice, the
I/Q imbalance problem occurs in the front-end of ra-
dio frequency (RF) receivers and channel estimation
is usually performed after I/Q imbalance compen-
sation. Thus, I/Q imbalance compensation may be
suitable for unknown channels. Some previous re-
search has investigated this problem. Furthermore,
several adaptive filtering schemes in the frequency
domain were proposed to eliminate the distortions
caused by both the channels and I/Q imbalance using
the least mean square (LMS) algorithm (Tandur and
Moonen, 2007; Inamori et al., 2009). Nevertheless,
the LMS algorithm suffers from slow convergence.

In this study, we investigate the problem of
estimation and compensation of I/Q imbalance in
OFDM systems when no knowledge of the multipath
channel is available. Our basic idea is to extend the
method in Windisch and Fettweis (2004) to the case
where the distortion caused by the channel is con-
sidered. First, we analyze the distortions caused by
the multipath channel and 1/Q imbalance on the re-
ceived OFDM signal. Because OFDM is able to deal
with a multipath environment, the distortion caused
by the channel will lead only to the change in the
amplitude of the signal on each subcarrier, but not
to crosstalk between the mirror subcarrier. Hence,
the statistics in Windisch and Fettweis (2004), which
is related only to the crosstalk between mirror sub-
carriers, can also be used for the estimation of I/Q
imbalance parameters. Then we propose an I/Q im-
balance compensation scheme for an OFDM system,
in which the distortion caused by the channel is con-
sidered. The method is implemented in two steps.
The first step is to estimate the I/Q imbalance pa-
rameters by evaluating the statistics and then to cor-
rect the distortion in the received signal caused by
I/Q imbalance with the parameter estimates. In the
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second step, the signal corrected is used for channel
estimation and equalization.

2 Problem formulation
2.1 System model

For the convenience of presentation, we will drop
the sample time index n in this study, except for a
particular declaration. However, it should be kept
in mind that the investigated OFDM symbols are
generally time-variant. In OFDM systems, a block of
data is transmitted as an OFDM symbol. Assuming
a symbol size equal to N (N is a power of 2), the
transmitted block of data is denoted as

s = [5(1)7‘9(2)7 T 7S(N>]T7 (1)

where [-]T is the transpose operation. Each block
passes through the inverse discrete Fourier transform
(IDFT) operation

5=FYs, (2)

where (-)H denotes the conjugate transpose opera-
tion and F' is the unitary discrete Fourier transform
(DFT) matrix of size N.

A cyclic prefix (CP) of length P is added to
each transformed block of data and then the data
is transmitted through the channel. A finite impulse
response (FIR) model with (L+1) taps is assumed for
the channel, i.e., h = [ho, h1,- - ,hz]T with L < P,
to preserve the orthogonality between subcarriers.
At the receiver, the received samples corresponding
to the transmitted block § are collected into a vec-
tor, after discarding the received CP samples. The
received block of data before being distorted by I/Q
imbalances can be written as

§=H5+, (3)
where
[ hg hi -+ hp O 0o --- 0 7
0 ho hy -+ hp 0 - 0
HE¢ = 0 -+ 0 hy hi hy --- hp
hy -+ hy O -+ 0 ho I
| bt hy -+ hp O - 0 ho |

is an N x N circulant matrix and w is the additive
white noise at the receiver. It is known that H® can

be diagonalized by the DFT matrix as H¢ = FHAF,
where A = diag (A) and vector A is related to h via

h ] . (@)

A=VNFH [
O(N—(z+1))x1

Then Eq. (3) gives
g =FYAF5 + @ = Fldiag{A\}F§ +w. (5)

As shown in Fig. 2, the received block of data v,
after being distorted by I/Q imbalances, is given by

Z=pg+ry", (6)

where (-)* denotes complex conjugate operation.
The distortion parameters p and v are related to the
amplitude and phase imbalances between the I and
Q branches in the RF /analog demodulation process
through a simplified model as follows:

{ = cos(6/2) + jasin(6/2), )
v =acos(0/2) —jsin(6/2),

where a and 6 are the amplitude imbalance and
phase between the I and Q branches, respectively.
The values of a and 6 are not known at the receiver
because they are caused by manufacturing inaccura-
cies in the analog components.

3 > —>
= o

s o

Q [

° 3 FFT

s 5

© » —>
n

Fig. 2 Block diagram representation of an OFDM
system with I/Q imbalance (CP: cyclic prefix)

2.2 Effect of I/Q imbalance on the OFDM
transceiver

Remember that the DFT of the complex conju-
gate of a sequence is related to the DFT of the origi-
nal sequence through a mirrored relation (assuming
1<n<Nand1l<k<N):

G(n) 2 y(k), 8)
7" (n) 2 y* (N — k +2). 9)

For notational simplicity, we denote this operation
by the superscript ‘17, i.e., for a vector g of size N,

y=[y(1),y(2), - ,y(N/2),

y(N/2+1),y(N/2+2),-- ,y(N/2)]".  (10)
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Now, from Eq. (3), we have

where (H)* is a circulant matrix defined in terms
of h*. Then in a similar way, it is easy to derive

(H®)* = Fidiag A" F (12)
Substituting Eq. (12) into Eq. (11) results in
§* = Fldiag(A")s' + @*. (13)

Consider a receiver that applies DFT operation
to the received block of data, as performed in a stan-
dard OFDM receiver. Applying the DFT matrix
to Eq. (6), i.e., setting z = FZ, after substituting
Egs. (5) and (13) into Eq. (6), we have

z = pdiag(M\)s + vdiag(A")s' + w, (14)

where w is a transformed version of the original noise
vector . As seen from Eq. (14), vector z is no longer
related to the transmitted block s through a diagonal
matrix, as is the case in an OFDM system with ideal
I and Q branches. For simplicity of presentation, we
discard the samples corresponding to the subcarriers
land N/2+1,1i.e., 2(1) and 2(N/2+1) (Note that in
standardized OFDM systems such as IEEE 802.11a,
these two subcarriers do not carry any information
due to implementation issues. Sending zeros on these
two subcarriers relaxes the implementation require-
ments on the receiver analog filters and DC offset).
We define two new vectors:

{ §=[s(2), -+, s(N/2),s"(N/2+2),--,s*(N)]",
Z=1[2(2),,2(N/2),2*(N/2+2),- -, 2*(N)]".
(15)
The second-half elements in § and Z are con-
jugated based on the structure of Eq. (14). Using
Egs. (15) and (14) leads to
z = A5+ w, (16)
where
_/I =
(A (2) - 0 0 - vA*(N) ]
0 - -uANN/2) VA*(N/24+2)--- 0
0 " ANN/2) p*\*(N/2+2)--- 0
rA(2)- 0 0 WAN(N) |

and @ is related to w in a manner similar to Eq. (15).
Note that matrix A in the above equation is not a
diagonal matrix, as is the case in Eq. (5), although
it collapses to a diagonal matrix by setting v equal
to zero. Eq. (16) can be reduced to 2 x 2 decoupled
sub-equations, for k = {2,3,--- , N/2}:

z(k) = I'(k)s(k) + w(k), (17)

where

9= ot |

0= coien |

pA(k)
v A(k)

and w(k) is the corresponding noise on subcarrier k
defined from noise vector w in a manner similar to
Eq. (15). The objective is to recover §(k) from Z(k)
in Eq. (17) for k = {2,3,---, N/2}, or equivalently,
5 from z in Eq. (16).

Note that Eq. (17) can be converted into the
following form:

F%)_{ z&%N—k+2)}

[N (N =k +2)

z(k) = IHA(k)s(k) + w(k), (18)

where

and

Alk) = { /\E)k) )\*(N—Ok—i—2) }

As shown in Eq. (18), I/Q imbalance parame-
ters IT and channel coefficients A are independent.
Hence, I/Q imbalance compensation and channel
estimation can be implemented separately in two
stages. The details will be given in Section 3.

2.3 Noise statistics

The time domain samples of the additive white
Gaussian noise (AWGN) are independent, identi-
cally distributed complex Gaussian random vari-
ables, with mean zero and variance o2
and imaginary parts. Thus, the real and imagi-
nary parts of w(k), ®(w(k)) and S(w(k)), are both
Gaussian random variables with mean zero and vari-

in the real

ance o2 /N. The real parts of w(k) at different
subcarriers are independent, so are the imaginary
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parts, i.e., E[R(w(k1))R(w(ks))] = 02, /N -8(k1 — k)
and E[%(w(kﬁ)%(w(kg))] = Ui/N . 5(/€1 — kg),
where E[] denotes the expectation operator, and
0(x) is 1 for x = 0 and 0 otherwise. Additionally,
the real and imaginary parts of w(k) at the same
or different subcarriers are also independent, i.e.,

ER(w(k1))S(w(k2))] =

3 1I/Q imbalance compensation scheme

The proposed I/Q imbalance compensation ap-
proach involves the following steps: (1) evaluating
the associated statistics of the observed signals and
deriving the I/Q imbalance parameters; (2) compen-
sating for the I/Q imbalance in the frequency do-
main using the I/Q imbalance estimates on a de-

signed OFDM receiver architecture (Fig. 3).
3.1 I/Q imbalance parameter estimation

Here, we assume that E[s(k)s(N —k+2)] =0
holds at the examined subcarrier index k; i.e., s(k)
and s(N — k + 2) are uncorrelated and have zero
mean. This assumption is realistic at least for pairs
of data-subcarriers if a proper source and channel
coding are applied. Analyzing the cross-correlation
term yields

N =k +2)] = w|A(k)|* Els(k)s" (k)]
AN — k +2)E[s(k)s(N — k + 2)]
+ [P AER)NN — k +2)E[s*(k)s* (N — k + 2)]
+ p NN —k+2)PE[s(N —k+2)s*(N —k+2)]
+uv { Ew(k)w” (k)] + E[w(N —k+2)w

Elz(k)z
+ lulA

/—\A,_\A

(19)

Because Ew(k)w* (k)] = 0% /N, Eq. (19) can be sim-
plified as

Elz(k)z(N — k +2)] =~ uv {I)\(k)IQE[S(k)S*(k)]
F AN —k+2)PE[s(N — k+2)s*(N — k + 2)]} :
(20)

On the other hand, the second expectation term

(N—-k+2)]}.

to be analyzed can be written as

Ellz(k) + 2*(N — k + 2)|?]
= [[ul® + [v* + 2R ()] A(K)|* E[s (k)" (k)]
+ (e + VIAEADN — k+ 2)E[s(k)s(N — k + 2)]
+ [l + )N (A (N — k+2)

- E[s*(k)s* (N — k + 2)]

+ [l + [ + 2RI — k+2)[?

-E[s(N —k+2)s"(N — k+ 2)]

+ [|uf? + v[? + 2R ()]

AB[wk)w* (k)] + E[w(N —k + 2)w*(N — k +2)]}.

(21)
Similarly, Eq. (21) can be simplified as

El2(k) + 2" (N =k +2)2] = [|uf? + [v]? + 2R(uv)]
MBI ELs®)s" ()] + AN — k+2)

CE[s(N — k+2)s*(N — &+ 2)]}.
(22)

Merging Egs. (20) and (22) results in the backbone
equation of the proposed scheme for imbalance pa-
rameter estimation:

El2(k)2(N — k +2)]
El|z(k) + 2*(N — k 4+ 2)]?]
~ v
TRl P+ 2R ()|

T —
(23)

Substituting Eq. (7) into Eq. (23
ward to derive

), it is straightfor-

lu)? + V]2 + 2R(uv) = 14+ o® + 20

=(1+a) (24)
Hence, Eq. (23) can be simplified as
—jli(1 - 2] 9
r_ i1 —a? / sin (25)

(1+a)

Eq. (25) implies that the real and imaginary parts of
the left and right sides should be identical and thus,
the amplitude imbalance parameter can be obtained
by

o L=2R(T) — /1 4AR(T
“= 23%( )

+4/1- 43%(7[)
2R(T) '

_1=2%(T) (26)
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Given that « is close to 0, &; is the desired solution,
Similarly, the
phase imbalance parameter can be derived:

0 = arcsin (— 2%(7‘)) .

Therefore, the I/Q imbalance parameters can be es-

whereas ¢&s is the mirror solution.

2(1+ &)

1- a2 @7)

timated with only the received signals and without a
need for pilot signal.

3.2 I/Q imbalance compensation scheme

Using the I/Q imbalance estimates & and é, it
is easy to obtain the parameters 4 and . Thus, by
using the estimates /i and 7, we can correct the I/Q
imbalance corrupted frequency domain vector z as

L [z — vzt

9= (28)

Al = [v]*’
where ¢ is an estimate of the correct frequency do-
main vector y. With the corrected frequency domain
vector ¢, the transmitted signal can be recovered by
implementing an equalization operation (Fig. 3) at
the receiver.

Based on the above analysis, we propose a new
OFDM receiver architecture as depicted in Fig. 3.
At the receiver, the received data is first transformed
into a parallel form, before removing the cyclic prefix
and applying the fast Fourier transform (FFT) op-
eration. Subsequently, several frames of the OFDM
symbols are stored and used to calculate the relevant
statistic 7. With the obtained statistic 7", I/Q im-
balance parameters o and € can be derived according
to Egs. (26) and (27). Finally, using the derived I/Q
imbalance parameters o and 6, which are equivalent
to p and v, respectively, we can remove the effect of
I/Q imbalance on the received data with Eq. (28).
In addition, the I/Q imbalance is introduced by the
analog circuits for up/down conversion, and does not
vary with time. Once the I/Q imbalance is corrected,
there is no need to deal with the I/Q imbalance pe-
riodically. In a practical receiver, the expectation
terms of Eq. (23) must be replaced by sample-based
approximations. This can be done by an averaging
operation over multiple pairs of uncorrelated subcar-
riers. Furthermore, based on the assumption that
the channel is static or quasi-static, an averaging
over time is reasonable. Hence, the estimation of the

statistic 7" can be formally written as

1 Z > ken #m(k)zm(N — k +2)
* 27
ME=meMy en lzm (k) + 25 (N — k +2)]
(29)
where M denotes the chosen subset of M sample
time indices, and N denotes the chosen subset of

T:

N subcarrier indices. Obviously, the accuracy of the
estimation will be affected by the number of incorpo-
rated sample pairs M - N. An increased subcarrier
block size N raises the computational demand at
each time instant m, whereas an increased temporal
block size M raises the duration of the parameter es-
timation. Hence, the proposed parameter estimation
allows for a tradeoff among accuracy, computational
effort, and measurement time.

3.3 Effect of timing offset

Assuming that the timing offset is smaller than
the guard interval, if the timing offset 7 is present,
the received signal with both the timing offset
and I/Q imbalance becomes z,(ﬁ)(k) = pyl (k) +
vy, (k) (N —k+2), where y/, (k) is the received signal
affected by the timing offset without I/Q imbalance
and is given by v/ (k) = ym(k)e 2™7/N We can
thus obtain the received signal with both timing off-
set and 1/Q imbalance as
Z(t)(k) —

m

[ty (K) + vy, (N — b + 2)] e 32707/

(30)
Therefore, the timing offset causes a phase rotation
in the frequency domain. Since

ZO(N—k42)=
using zr(,?(k) to calculate the statistic 1", we can

obtain

[y (N = k+2) vy, (k)] e 2T/,

(t)

E[zD(k)z (N—k+2)] = E[z(k)2(N—k+2)]. (31)

Similarly, since

2O(k) + 20N -k +2)

= [2(k) + 2*(N — k + 2)] 2 *7/N
we can obtain
ElzP (k) + 29%(N — k + 2)?]
E[(zD (k) + 2% (N - k 4 2))
(2O (k) + 2O%(N — k+2))*]
Ellz(k) + 2*(N — k +2)?].

(32)
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Fig. 3
transceivers (CP: cyclic prefix; EQ: equalization)

Hence, the numerator and denominator used to
calculate the statistic 7" are the same as those in
Eq. (23) without timing offset. Therefore, the con-
sidered timing offset does not affect the imbalance
estimates in the proposed method.

4 Simulations and analysis

In this section, simulations are employed
to demonstrate the performance of the proposed
method. We first evaluate the precision of the I/Q
imbalance parameter estimation. Then the BER per-
formance of the proposed I/Q imbalance compensa-
tion scheme is investigated.

In the simulations, the tested methods are
applied to the OFDM systems with 256-point
FFT/inverse FFT (IFFT) (Koffman and Roman,
2002). The number of subcarriers is 256 and the
cyclic prefix has 64 samples (1/4 of an OFDM sym-
bol). The symbol duration including the guard in-
terval is 80 ps, the sampling period is 1/4 us, and the
subcarrier spacing is 15.625 kHz. The pilots in the
OFDM systems consist of scattered pilots and con-
tinual pilots. The continual pilot cells are located
every 10 symbols, while the locations of the scat-
tered pilot subcarriers are 41, 66, 91, 116, 142, 167,
192, and 217, respectively, and are the same in dif-
ferent OFDM symbols. The continual pilot cells are
used to evaluate the channel response, whereas the
scattered pilot carriers are used to trace the phase
response. The gain mismatch is set from 0.01 to
0.08, and the phase mismatch is set from 0° to 10°
(Dawkins, 2002). Performance evaluation is based

Framework of the proposed I/Q imbalance compensation scheme in OFDM direct-conversion

on the normalized mean-squared error (NMSE) of
the I/Q imbalance parameter estimation and the un-
coded BER. The constellation scheme adopted here
is 16-quadrature amplitude modulation (QAM). Fi-
nally, every result below is obtained by averaging 500
tests.

4.1 I/Q imbalance parameter estimation

First, we evaluate the I/Q imbalance parameter
estimation performance in the case with ideal carrier
frequency synchronization and time synchronization.

Fig. 4 shows the NMSE of the estimated
I/Q imbalance parameters at different signal-to-
noise ratios (SNRs) on AWGN and multipath chan-
nels. The gain and phase imbalances are as-
sumed to be 0.05 and 10°, respectively, and the
number of OFDM symbols used for I/Q imbal-
ance estimation is 50. The multipath chan-
nel has six paths, and the power and delay are
[—4.3145, —4.3074, —6.9822, —13.8955, —37.1012,
—17.6018]" dB and [0, 2, 4, 7, 11, 16]T samples,
respectively. Simulation results show that the pro-
posed method performs well on both AWGN and
multipath channels. Moreover, it can be observed
that the SNR has little influence on the estimation
accuracy of the I/Q imbalance parameters.

Fig. 5 shows the NMSE of the estimated 1/Q
imbalance parameters with different OFDM symbol
lengths on AWGN and multipath channels. The gain
and phase imbalances are also assumed to be 0.05
and 10°, respectively, and the SNR is set as 15 dB.
The multipath channel considered here is the same as
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that used in the last experiment. Simulation results
show that the estimation precision becomes higher
with the increase in the length of the OFDM sym-
bols, while the improvement in estimation precision
is limited when the length of the OFDM symbols is
larger than 100.

0 r r
10 —e—a, multipath channel
—s—a, AWGN channel
——@, multipath channel
—+—@, AWGN channel

— —©

2]
R e e e e e S
z

— A

102 . . . . .
0 5 10 15 20 25 30
SNR (dB)

Fig. 4 Normalized mean-squared error (NMSE) of
the estimated I/Q imbalance parameters versus the
SNR of received signals (a: gain imbalance; 6: phase
imbalance)

10° . . . .
—o—qa, multipath channel
—o—a, AWGN channel
—4—6, multipath channel
——8, AWGN channel
10° i
W A
%)
=
z
107"
10"

700 150 200 250 300 350 400 450 500
Number of OFDM symbols

2 .
0 50

Fig. 5 Normalized mean-squared error (NMSE) of
the estimated I/Q imbalance parameters versus the
number of symbols (a: gain imbalance; 6: phase im-
balance)

4.2 BER performance evaluation

Second, we evaluate the BER performance of
the I/Q imbalance compensation scheme in the case
of ideal carrier frequency synchronization and time
synchronization. Besides, no channel coding is con-
sidered in the simulations.

Fig. 6 shows the BER performance of the com-
pensated received signal at different SNRs on the
AWGN channel. The gain imbalance is assumed as
0.05 and 0.08, respectively, and the phase imbalance

is 5°. The number of OFDM symbols used for I/Q
imbalance estimation is 50. Simulation results show
that: (1) if the I/Q imbalance is uncompensated,
system performance will be severely degraded; (2)
the BER performance of the OFDM system deterio-
rates with an increase in the gain imbalance without
I/Q imbalance compensation; (3) the BER perfor-
mance of the OFDM system can be close to that
achieved in the case with no I/Q imbalance by ap-
plying I/Q imbalance compensation, and different
gain imbalance factors have little effect on BER per-
formance. Fig. 7 shows the BER performance of
the compensated received signal at different SNRs
on the multipath channel. The gain imbalance is
assumed to be 0.05 and 0.08, respectively, and the
phase imbalance is assumed to be 5°. The number of
OFDM symbols used for I/Q imbalance estimation
is 50. Simulation results show that: (1) the BER
performance of the OFDM system deteriorates with
an increase in the gain imbalance without I/Q im-
balance compensation; (2) the OFDM system can
also achieve BER performance close to that in the
case with no I/Q imbalance by applying I/Q im-
balance compensation when the SNR is less than
30 dB. However, compared with the no I/Q imbal-
ance case, there is still a gap even using the proposed
compensation scheme when the SNR is larger than
30 dB. The main reason is that when the SNR is low,
SNR is the main factor hindering the improvement
of BER performance, while the residual I/Q imbal-
ance is the main factor hindering BER performance
improvement when SNR is high.
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—=— a=0.05, 6=5°
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Fig. 6 Bit error rate (BER) of the compensated re-
ceived signal at different SNRs in the AWGN with dif-
ferent gain imbalances (a: gain imbalance; 6: phase
imbalance)

Fig. 8 shows the BER performance of the com-
pensated received signal at different SNRs on the
AWGN channel. The gain imbalance is assumed to



396 Gu et al. / Front Inform Technol Electron Eng 2018 19(3):388-397

be 0.05, while the phase imbalance is assumed to
be 2° and 10°, respectively. The number of OFDM
symbols used for 1/Q imbalance estimation is 50.
Fig. 9 shows the BER performance of the compen-
sated received signal at different SNRs on the mul-
tipath channel. From the simulation results, we can
draw similar conclusions to the case with different
gain imbalance factors.
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Fig. 7 Bit error rate (BER) of the compensated re-
ceived signal at different SNRs in the multipath chan-
nel with different gain imbalances (a: gain imbalance;
6: phase imbalance)
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Fig. 8 Bit error rate (BER) of the compensated re-
ceived signal at different SNRs in the AWGN with dif-
ferent phase imbalances (a: gain imbalance; 6: phase
imbalance)

5 Conclusions

In this paper, we have investigated the I/Q
imbalance compensation issue in OFDM direct-
First, we showed that the
I/Q imbalance in OFDM direct-conversion receivers

conversion receivers.

is the same as introducing interference from mir-
ror subcarriers, which will destroy the orthogonal-
ity between the subcarriers and result in poor BER

10°

R
T
~
—=— @=0.05, §=10° SR =
103 L —*— a=0.05, =2° S
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Fig. 9 Bit error rate (BER) of the compensated re-
ceived signal at different SNRs in the multipath chan-
nel with different phase imbalances (a: gain imbal-
ance; 0: phase imbalance)

performance. Second, we designed a new statistic
related only to the I/Q imbalance, and further esti-
mated the I/Q imbalance parameters. In this way,
the distortions introduced by the I/Q imbalance and
the channel can be independently corrected by 1/Q
imbalance compensation and equalization. Simula-
tion results showed that the proposed method can
achieve good performance in AWGN and multipath
environments. Specifically, the proposed 1/Q imbal-
ance compensation method can achieve BER perfor-
mance close to that in the ideal case with no I/Q
imbalance.
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