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Abstract: The in-phase and quadrature-phase imbalance (IQI)
is one of the major radio frequency impairments existing in or-
thogonal frequency division multiplexing (OFDM) systems with
direct-conversion transceivers. During the transmission of the
communication signal, the impact of IQI is coupled with chan-
nel impulse responses (CIR), which makes the traditional channel
estimation schemes ineffective. A decoupled estimation scheme is
proposed to separately estimate the frequency-dependent IQI and
wireless channel. Firstly, the generalized channel model is built to
separate the parameters of IQI and wireless channel. Then an ite-
rative estimation scheme of frequency-dependent IQI is designed
at the initial stage of communication. Finally, based on the estima-
tion result of IQI, the least square algorithm is utilized to estimate
the channel-related parameters at each time of channel variation.
Compared with the joint estimation schemes of IQI and channel,
the proposed decoupled estimation scheme requires much lower
training overhead at each time of channel variation. Simulation
results demonstrate the good estimation performance of the pro-
posed scheme.
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1. Introduction

Compared to the classic super-heterodyne structure, the
structure of direct conversion radio has advantages of low
cost, small size, low power consumption, and flexibi-
lity to various frequency bands and wireless standards
[1,2]. Thus the direct-conversion transmitters and receivers
(transceivers) have attracted great attention in recent years
and are assumed as a good candidate for massive multiple
input multiple output (MIMO) systems [3], which is one
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of the key technologies in 5G.
However, due to the structure limitation and non-ideal

properties of analog components, the direct-conversion
transceivers are prone to suffer from in-phase and
quadrature-phase imbalance (IQI) [4]. This imbalance is
the mismatch between the in-phase and quadrature-phase
branches in amplitude, phase shift, and cascaded filters,
which can be present at both the transmitter and the
receiver. In orthogonal frequency division multiplexing
(OFDM) systems, IQI would destroy the orthogonality of
subcarriers and lead to an overall degradation in system
performance. The problem of IQI has received significant
research attention. The effect of IQI on OFDM receivers
was studied and system-level algorithms to compensate
for the distortions were proposed in [4]. In [5], a recur-
sive compensation technique was proposed to compensate
for both frequency-independent and frequency-dependent
IQIs in direct conversion transmitters. In [6], a widely
linear digital self-interference cancellation processing was
proposed in direct-conversion full-duplex transceivers. In
[7], the effect of IQI on MIMO beamforming systems was
investigated and the linear throughput-maximizing digi-
tal baseband joint beamforming and equalization scheme
was proposed. A power-based compensation method was
proposed for wideband frequency-dependent IQI in direct-
conversion transmitters in [8].

Effective compensation of IQI requires accurate esti-
mates of channel impulse responses (CIR) and IQI parame-
ters. During the transmission of signal, the impact of IQI is
coupled with CIR, which makes the traditional channel es-
timation schemes inappropriate. Considering the coupled
status of IQI and CIR, several joint estimation schemes
of IQI and channel were investigated in [9 – 13]. A least
square (LS) algorithm for IQI and channel estimation was
proposed in [9] with the aid of nearly twenty OFDM
training symbols. A Gaussian elimination (GE) scheme
was proposed in [10] for joint estimation of frequency-
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dependent IQI and channel, which fully exploited the time-
domain property of channel and required two training sym-
bols per OFDM frame. In [11], a joint IQI and channel
estimation method in the time-domain was developed for
OFDM systems operating over doubly selective channels.
An expectation-maximization (EM) based iterative algo-
rithm to jointly estimate the CIR and IQI was proposed
for Alamouti OFDM systems in [12]. In [13], an iterative
shrinkage algorithm was adopted to estimate the IQI pa-
rameters and sparse channel for OFDM systems.

In the aforementioned joint estimation schemes, both
the parameters of IQI and wireless channel are estimated
together. However, the joint estimation of IQI and wire-
less channel is not an economical solution when the wire-
less channel is time-varying. The variable characteristic of
channel would lead to increasing number of channel pa-
rameters to be estimated over time. However, the change
rate of IQI parameters is extremely slow and one estima-
tion of IQI could be effective for a long communication
period. Thus a decoupled scheme to separately estimate
IQI and channel parameters is desirable, which could ef-
fectively reduce the training overhead and redundancy of
estimation.

A decoupled estimation scheme was proposed in
[14] to separately estimate the frequency-independent
IQI and channel. However, the frequency-dependent
IQI, which usually exists in wideband direct-conversion
transceivers, had not been discussed in [14]. The para-
meters of frequency-dependent IQI vary at each OFDM
subcarrier. Thus the total number of unknown frequency-
dependent IQI parameters is N times of frequency-
independent IQI, with N denoting the number of
OFDM subcarriers. It makes the decoupled estimation of
frequency-dependent IQI and channel a challenging task.

In this paper, a decoupled IQI and channel estimation
scheme is proposed for OFDM systems with frequency-
dependent IQIs at both transmitter and receiver. This pa-
per is distinct from the related literature in the follow-
ing aspects: (i) Different from the previous joint estima-
tion of IQI and channel [9 – 13], this paper considers de-
coupled estimation of IQI and channel to reduce the trai-
ning overhead at each time of channel variation. (ii) Dif-
ferent from [14] which discussed the decoupled estima-
tion of frequency-independent IQI and channel, this paper
proposes a decoupled estimation scheme for frequency-
dependent IQI and channel, which resolves a more com-
mon existing but challenging problem that could not be
solved by [14]. (iii) This paper also devises a new trai-
ning pattern for the Gaussian elimination scheme in [10].

This paper is organized as follows. A generalized chan-
nel model is built in Section 2, upon which the parameters

of frequency-dependent IQI and wireless channel could
be disjunctively processed. Then a decoupled estimation
scheme is proposed in Section 3. The frequency-dependent
IQI parameters are estimated iteratively with specially de-
signed training groups at the initial stage of communica-
tion. Next, the estimates of channel-related parameters are
acquired with just one OFDM training symbol at each time
of channel change, which successfully reduces the training
overhead. In Section 4, simulations verify the effectiveness
of the proposed scheme. Finally, the paper is concluded in
Section 5.

2. System model

An OFDM system with frequency-dependent IQI at both
transmitter and receiver is considered in following. The
transmitted OFDM symbol is denoted by

S = [S(1) S(2) · · · S(N)]T (1)

where N is the number of OFDM subcarriers. Each trans-
mitted OFDM symbol is passed through the inverse dis-
crete Fourier transform (IDFT) operation as

s = F HS (2)

where s is the signal vector in time-domain, F is the nor-
malized DFT matrix as

F (m, n) =
1√
N

exp
(−j2π(m − 1)(n − 1)

N

)
,

1 � m, n � N.

Then a cyclic prefix (CP) is added to each transformed
block of data. Due to the impact of IQI at the transmitter,
the distorted transmitted signal is given by

sd = λts + ϕts
∗ (3)

where λt and ϕt are frequency-dependent IQI parameters
at the transmitter caused by the mismatches between I/Q
branches in amplitude (αt), phase shift (θt), and imba-
lance filters (ξI

t and ξQ
t ):

λt = ((μt + νt)ξI
t + (μt − νt)ξ

Q
t )/2

ϕt = ((μt + νt)ξI
t − (μt − νt)ξ

Q
t )/2

μt = cos(θt/2) − jαt sin(θt/2)

νt = αt cos(θt/2) − j sin(θt/2).

Then sd is transmitted through the wireless channel. Af-
ter discarding the received CPs, the received baseband sig-
nal is given by

r = hsd + n (4)

where h is the channel impulse response (CIR) and n is
the additive white Gaussian noise (AWGN). After expe-
riencing receiver side IQI, the received signal becomes

rd = λrr + ϕrr
∗ (5)
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where λr and ϕr are frequency-dependent IQI parameters
at the receiver:

λr = ((μr + ν∗
r )ξI

r + (μr − ν∗
r )ξQ

r )/2

ϕr = ((μ∗
r + νr)ξI

r − (μ∗
r − νr)ξQ

r )/2

μr = cos(θr/2) + jαr sin(θr/2)

νr = αr cos(θr/2) − j sin(θr/2).

By substituting (3) and (4) into (5) and making the DFT
operation, the relationship between the transmitted and re-
ceived OFDM symbol at the kth subcarrier can be de-
scribed as

R(k) = Ha(k)S(k) + Hb(k)S#(k) + W (k) (6)

where S# denotes the mirror interference of S, which is
caused by IQI with the following structure:

S# = [S∗(1) S∗(N) · · · S∗(N/2 + 2)

S∗(N/2 + 1) S∗(N/2) · · · S∗(2)]T (7)

Ha and Hb are generalized channels composed of the cou-
pled IQI and channel parameters as

Ha(k) = Λr(k)H(k)Λt(k)+Φr(k)H#(k)Φ#
t (k) (8)

Hb(k) = Λr(k)H(k)Φt(k)+Φr(k)H#(k)Λ#
t (k) (9)

where Λ = Fλ and Φ = Fϕ, which are the frequency-
domain frequency-dependent IQI parameters, with the
subscripts r and t representing the receiver and transmitter,
respectively. H = Fh, which is the N -dimensional chan-
nel vector in the frequency domain. W is the frequency-
domain received noise which is distorted by the receiver
IQI as

W (k) = Λr(k)N(k) + Φr(k)N#(k) (10)

where N is an additive white Gaussian noise (AWGN)
vector in the frequency-domain.

It can be found in (6) that at the receiver, the transmit-
ted signal S is interfered by its mirror interference S #.
Considering the interferences within a pair of mirror sub-
carriers, the system model can be re-written in a series of
independent 2 × 2 equations as[

R(k)
R#(k)

]
=

[
Ha(k) Hb(k)
H#

b (k) H#
a (k)

]
×

[
S(k)

S#(k)

]
+

[
W (k)

W #(k)

]
. (11)

In order to compensate the IQI in (11), information of
Ha and Hb need to be known. If a joint estimation scheme

is used, the number of estimation parameters is doubled
compared to a conventional channel estimation problem in
OFDM systems with ideal IQ branches. These doubled es-
timation parameters lead to double training overhead and
computational amount. In order to avoid this problem, we
reorganize the generalized channel models in (8) and (9) as

Ha(k) = C(k) + A#
t (k)Ar(k)C#(k) (12)

Hb(k) = At(k)C(k) + Ar(k)C#(k) (13)

where the wireless channel related information is only con-
centrated in C as

C(k) = Λt(k)Λr(k)H(k) (14)

while At and Ar are just constructed by IQI parameters as

At(k) = Φt(k)/Λt(k) (15)

Ar(k) = Φr(k)/Λ#
r (k). (16)

Then the system model in (11) is rewritten to decouple
the channel-related information C from the IQI parameters
of At and Ar as[

R(k)
R#(k)

]
︸ ︷︷ ︸

Rk

=
[
Pk,1 Pk,2

Pk,3 Pk,4

]
︸ ︷︷ ︸

Pk

[
S(k)

S#(k)

]
︸ ︷︷ ︸

Sk

+
[

W (k)
W #(k)

]
︸ ︷︷ ︸

Wk

(17)

where

Pk,1 = C(k) + A#
t (k)Ar(k)C#(k)

Pk,2 = At(k)C(k) + Ar(k)C#(k)

Pk,3 = A#
t (k)C#(k) + A#

r (k)C(k)

Pk,4 = C#(k) + At(k)A#
r (k)C(k).

Block fading of channel is assumed in the following dis-
cussion, which means that both H and C are variable from
frame to frame but remain static within each frame. While
considering the extremely slow variation speed of IQI, the
parameters of At and Ar are assumed to be constant du-
ring the whole communication period. If the prior know-
ledge of At and Ar is known, only C is unknown in (17)
and requires estimation. By this means, the number of es-
timation parameters could be reduced by half compared to
that of (11). This is the motivation for us to investigate the
decoupled estimation scheme of frequency-dependent IQI
and channel in the next section.

3. Decoupled estimation scheme of
frequency-dependent IQI and channel

In this section, a decoupled estimation scheme is proposed
for frequency-dependent IQI and channel based on the sys-
tem model in (17). Primarily, an iterative method to es-
timate the IQI parameters of At and Ar is developed.
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Next, the channel-related parameter C is estimated in each
OFDM frame with the aid of one training symbol, which
reduces the redundancy of estimation and training over-
head.

3.1 Iterative estimation of IQI parameters

In order to obtain the information of IQI at the initial stage
of communication, an estimation scheme to iteratively es-
timate At and Ar is proposed as follows.

Firstly, we devise the frequency-domain training group
of two contiguous OFDM symbols as

SI = STr (18)

SII = jSTr (19)

where STr is an arbitrary N -dimensional OFDM training
symbol, the subscripts I and II denote the first and second
contiguous OFDM training symbols respectively.

With the aid of OFDM training groups, we could ob-
tain the joint estimation results of Ha and Hb at two in-
dependent channel realizations respectively. Assuming that
the wireless channel is constant within each training group,
Ha and Hb are estimated with the GE approach [10] as

Ha(k) =
RI(k) − jRII(k)

2STr(k)
(20)

Hb(k) =
RI(k) + jRII(k)

2S#
Tr(k)

(21)

where RI and RII are the received training symbols corre-
sponding to SI and SII, respectively.

Then (13) can be reformulated as[
Hb1(k)
Hb2(k)

]
︸ ︷︷ ︸

Hbk

=

[
C1(k) C#

1 (k)
C2(k) C#

2 (k)

]
︸ ︷︷ ︸

eCk

×
[

At(k)
Ar(k)

]
︸ ︷︷ ︸

Ak

(22)

where the subscripts 1 and 2 denote two different channel
realizations respectively. If the channel-related parameter
C is known, At and Ar can be estimated by

Âk = (δI + C̃H
k C̃k)−1C̃H

k Hbk (23)

where the parameter δ > 0 is added for regularization.
To start the iterative estimation procedure, we make

an approximation that A#
t (k)Ar(k) = 0, based on the

fact that |Φt(k)| � |Λt(k)| and |Φr(k)| � |Λ#
r (k)|.

Hence C̃k can be initialized as C1(k) = Ha1(k) and
C2(k) = Ha2(k) by substituting A#

t (k)Ar(k) = 0 into
(12). Then the first estimation of At and Ar can be ob-
tained with (23).

Given the IQI parameters of At and Ar, the model to
estimate C(k) can be established as[

Ha(k)
H#

a (k)

]
︸ ︷︷ ︸

Hak

=
[

1 A#
t (k)Ar(k)

At(k)A#
r (k) 1

]
︸ ︷︷ ︸

eAk

×

[
C(k)

C#(k)

]
︸ ︷︷ ︸

Ck

. (24)

The estimation result is given by

Ĉk = (δI + ÃH
k Ãk)−1ÃH

k Hak. (25)

Then we can use (23) and (25) to iteratively update the
estimates of At, Ar and C1, C2 until a predefined number
of iterations It is performed. As the estimation of At and
Ar is performed at the initial communication phase for just
one time, the training overhead at this stage of four OFDM
training symbols is negligible from the systematic point of
view.

3.2 Estimation of channel-related parameter

With the knowledge of At and Ar as the estimation re-
sult of our first step, only C is unknown at each time of
channel variation. Hence the training overhead would be
reduced by half compared to the joint estimation schemes.
In order to estimate the varying channel parameter C in the
whole communication period, the system model of (17) is
reformulated as[

R(k)
R#(k)

]
︸ ︷︷ ︸

Rk

=
[

Mk,1 Mk,2

Mk,3 Mk,4

]
︸ ︷︷ ︸

Mk

×
[

C(k)
C#(k)

]
︸ ︷︷ ︸

Ck

+

[
W (k)

W #(k)

]
︸ ︷︷ ︸

Wk

(26)

where
Mk,1 = Sp(k) + Ât(k)S#

p (k)

Mk,2 = Â#
t (k)Âr(k)Sp(k) + Âr(k)S#

p (k)

Mk,3 = Ât(k)Â#
r (k)S#

p (k) + Â#
r (k)Sp(k)

Mk,4 = S#
p (k) + Â#

t (k)Sp(k)

and Sp is an individual OFDM training symbol per OFDM
frame, Ât and Âr are the estimation results of the itera-
tive estimation approach proposed in Section 3.1. Thus the
time-varying channel-related parameter of C can be esti-
mated in each OFDM frame by

Ĉk = (δI + MH
k Mk)−1MH

k Rk. (27)
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To further improve the accuracy of estimation, we ex-
ploit the time-domain property of C and find that the ef-
fective length of the impulse responses is L + 2K − 2,
with L denoting the length of wireless channel impulse re-
sponses and K denoting the taps of imbalance filters at
both transmitter and receiver. This effective length of dis-
torted channel impulse responses is shorter than N under
normal conditions. Thus the estimation noise could be sup-
pressed by limiting the effective impulse responses length
of C as ̂̂

Ck = F

(
UF HĈk

0N−L−2K+2

)
(28)

where U = [IL+2K−2 0(L+2K−2)×(N−L−2K+2)].
Finally, the LS detection results could be obtained by

substituting Ât, Âr and ̂̂
C into (17):

Ŝk = (δI + P H
k Pk)−1P H

k Rk. (29)

Evidently, with the estimation result of the proposed
scheme, the mirror interference of S# can be canceled in
(29).

In summary, the proposed decoupled estimation scheme
of frequency-dependent IQI and channel is listed as fol-
lows.

(i) Initial communication stage
Input Two OFDM training groups
Use (20), (21) to estimate Ha1, Hb1 and Ha2, Hb2.
Initialize C with C1(k) = Ha1(k) and C2(k) =

Ha2(k).
Iteration
While number of iterations < It, do
Estimate At and Ar with (23).
Update C with (25).
end while
Output Estimation of At and Ar

(ii) Normal communication stage
Input Estimation results of At, Ar and one OFDM

training symbol
Iteration
While channel changes do
Estimate C with (27) and (28).
end while
Output Estimation result of C.

4. Simulation results and analysis

In this section, simulation results are presented for the pro-
posed decoupled estimation scheme. System parameters
are chosen as follows: OFDM subcarrier is N = 128,
the signal bandwidth is 5 MHz, the carrier frequency is
2 GHz, and the digital modulation is 16 quadrature ampli-
tude modulation (QAM). Typical urban channel with max-
imum path delay of 2 μs is employed as in [15]. The IQI

parameters are chosen as follows: the amplitude mismatch
is 1 dB in transmitter and 1.5 dB in receiver, the phase
shift mismatch is 2◦ in transmitter and 3◦ in receiver, the
imbalance filters are It = [0.993 7, 0.112 5, 0], Qt =
[0.948 7, 0.282 8, 0.141 4], Ir = [0.993 7,−0.112 5, 0],
and Qr = [1, 0, 0].

Fig. 1 compares the uncoded bit error rate (BER) per-
formance of the proposed scheme with the LS scheme in
[9] and the GE estimation in [10], where the curve of “No
compensation” refers to a system with IQI but no IQI esti-
mation and compensation, the curve of “Ideal channel est”
refers to a system with ideal knowledge of IQI and channel,
Ts refers to the number of training symbols required by the
corresponding estimation scheme at each time of channel
variation. As can be seen by the curve of “No compen-
sation”, the degradation in BER performance due to the
IQI is significant. For the other curves, the LS-based IQI
compensation scheme in [9] is adopt to compensate the
negative impact of IQI with the corresponding estimation
results of IQI and channel. It is shown that the BER perfor-
mance from both GE and the proposed estimation scheme
follows the ideal channel estimation well. The BER perfor-
mance from the LS scheme with even much more training
symbols is relatively poor.

Fig. 1 BER performance of the proposed estimation scheme, LS,
and GE

Fig. 2 illustrates the normalized mean square error
(NMSE) performance of the IQI and channel estimation
schemes. It is also verified by Fig. 2 that the proposed es-
timation scheme outperforms LS scheme and approaches
the performance of GE. Meanwhile, the proposed estima-
tion scheme requires only half training overhead of the GE
at each time of channel variation.
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Fig. 2 NMSE performance of the proposed estimation scheme, LS,
and GE

Fig. 3 shows the NMSE performance versus the number
of iterations of the proposed iterative estimation method of
At and Ar. It can be found from this figure that the esti-
mation of At and Ar converges after only four iterations.
Thus the number of iterations is set to four in our simula-
tions.

Fig. 3 NMSE performance v.s. iterations of estimation of At

and Ar

The computational complexity (complex multiplica-
tions) of our proposed scheme at each time of channel vari-
ation (estimation of C) is (log2 N + 47/3)× N , which is
lower than the LS scheme with Ts = 2 s of 280/3 × N ,
and is comparable to the complexity of GE, which is
2(log2 N +3)×N . The estimation complexity for estima-
ting At and Ar is 4(log2 N + 1)N + (155/3)NIt, where

It denotes the number of iterations. Considering the esti-
mation of At and Ar is just performed at the initial com-
munication stage once, it will not remarkably impact the
whole computational complexity of the proposed scheme.

5. Conclusions

In this paper, a decoupled IQI and channel estima-
tion scheme is proposed for the OFDM systems with
frequency-dependent IQIs. The IQI parameters are it-
eratively estimated at the initial communication stage.
Then only the channel-related parameters need to be re-
estimated at each time of channel variation. The simulation
results show that the proposed scheme demonstrates good
estimation performance with much lower training over-
head than the LS and GE.
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