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In-phase/quadrature-phase (I/Q) imbalance is one of the most serious concerns in the practical implementation of the direct
conversion receiver architecture. This paper investigates and analyzes the impacts of the I/Q imbalance on the performance of
the single-carrier frequency-division multiple access (SC-FDMA) system with different basis functions by computer simulations
only. The suitable phase and amplitude of I and Q branches that can be utilized in SC-FDMA system are studied and determined
through simulations for different I/Q imbalance scenarios and different subcarrier mapping schemes. Simulation results show that
the phase and amplitude of I and Q branches have significant effects on the bit error rate (BER) performance of the SC-FDMA
system.

1. Introduction

Due to high spectral efficiency and robustness against fre-
quency-selective fading, orthogonal frequency-divisionmul-
tiple access (OFDMA) has been chosen as a downlink
transmission technique in 3GPP long-term evaluation (LTE)
standards [1]. Well-known drawbacks of the OFDMA system
are the high peak-to-average power ratio and sensitivity
to carrier frequency offset (CFO), which result in severe
performance degradation. Due to these drawbacks, the use
of OFDMA in the uplink mobile environments was found
to be impractical to establish [2]. Single-carrier frequency-
divisionmultiple access (SC-FDMA) system has been chosen
as an alternative technique in the uplink transmission in
3GPP LTE standards due to its low peak-to-average power
ratio [1, 3]. The performance of the SC-FDMA system suffers
from the CFO and its sensitivity is lower than that of
the OFDMA system [3]. Besides the CFO, there are other
radio frequency impairments in direct conversion receiver
(DCR) of these systems, such as dc-offset and in-phase
and quadrature-phase (I/Q) imbalances, inducing further
distortion.

In recent years, DCR has drawn a lot of attention due
to its low power consumption and low implementation cost.
However, some mismatches in DCR can seriously degrade

the system performance [4–7]. The I/Q imbalance is due to
the amplitude and phase mismatches between the I and Q
branch of the local oscillator whereas the CFO is due to the
mismatch of carrier frequency at the transmitter and receiver.
In [8–10], It is shown that the I/Q imbalance and CFO can
cause a serious intercarrier interference and multiple access
interference in SC-FDMA systems. In [8], the issue of CFO in
SC-FDMA system is investigated for different basis functions:
the discrete Fourier transform (DFT) and the discrete cosine
transform (DCT). A new joint equalization and CFO for
multiple-input multiple-output SC-FDMA system are pro-
posed and investigated in [9].

The issue of the I/Q imbalance problem in multicarrier
systems was extensively investigated in the literature [5–
7]. However, to the best of our knowledge, a few papers
have only discussed the I/Q imbalance problem in DFT
based SC-FDMA (DFT-SC-FDMA) system [10]. Moreover,
the issue of the I/Q imbalance problem in DCT based
SC-FDMA (DCT-SC-FDMA) system is not studied in the
literature. All that motivated us to do the research of this
paper.

Themain contribution of this work is to study the issue of
the I/Q imbalance problem inDFT-SC-FDMA andDCT-SC-
FDMA systems.The effects of the I/Q imbalance problem are
then compensated using an efficient compensation scheme.
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Figure 1: Structure of the DFT-SC-FDMA system with the TX I/Q imbalance scenario.

The work in this paper is distinct from the previous research
works in this area in that we study the effects of the I/Q
imbalance problem using a three-dimensional results. On
the other hand, the phase and the amplitude of I and Q
branches are taken into consideration simultaneously. We
investigate different I/Q imbalance scenarios which are the
I/Q imbalance in the transmitter (TX I/Q), the I/Q imbalance
in the receiver (RX I/Q), and the I/Q imbalances in the
transmitter and receiver (TX-RX I/Q). Simulation results
show that I/Q imbalance problem significantly degrades the
system performance and its effects on the DCT-SC-FDMA
system are greater than that on the DFT-SC-FDMA system.
Results also show that the proposed compensation scheme
can compensate the effects of the I/Q imbalance problem and
improve the system performance.

This paper is organized as follows. In Section 2, we
develop the DFT-SC-FDMA system model in the presence
of the I/Q imbalance problem. The developed I/Q imbalance
compensation scheme is discussed in Section 3. In Section 4,
we present the simulation results and the paper is concluded
in Section 5.

2. DFT-SC-FDMA System with TX I/Q

In this section, theDFT-SC-FDMA systemmodel in the pres-
ence of I/Q imbalance problem is developed.The extension of
this model to the DCT-SC-FDMA system is straightforward.
More details about the DCT-SC-FDMA system are found in
[3].

Figure 1 depicts the block diagram of the DFT-SC-FDMA
system with the TX I/Q imbalance scenario. We consider
an uplink DFT-SC-FDMA system employing 𝑈 users. All
users have the same number of subcarriers. The input data
is encoded and modulated. The modulated symbols are fed

to an 𝑁-point DFT and then mapped to 𝑀 subcarriers of
assigned subchannels. The signal is then applied to an 𝑀-
point inverse DFT (IDFT) block.

In SC-FDMA system, there are two subcarrier mapping
techniques which are the localized mapping and the inter-
leaved mapping. In localized mapping, the DFT outputs
are mapped to a subset of consecutive subcarriers, thereby
confining them to only a fraction of the system bandwidth.
In interleaved mapping, the DFT outputs of the input data
are assigned to subcarriers over the entire bandwidth non-
continuously, resulting in zero amplitude for the remaining
subcarriers [1]. In this paper, the interleaved DFT-SC-FDMA
is denoted by DFT-IFDMA, the localized DFT-SC-FDMA is
denoted by DFT-LFDMA, the interleaved DCT-SC-FDMA is
denoted by DCT-IFDMA, and the localized DCT-SC-FDMA
is denoted by DCT-LFDMA.

The transmitted signal of the 𝑢th user (𝑢 = 1, 2, . . . , 𝑈)
can be formulated as follows:

x
𝑢
= F−1
𝑀
M
𝑢
F
𝑁
x̃u, (1)

where x̃
𝑢
is an𝑁×1 vector containing themodulated symbols

of the uth user. F
𝑁

is an 𝑁 × 𝑁 DFT matrix. F−1
𝑀

is an
𝑀 × 𝑀 IDFT matrix. M

𝑢
is an 𝑀 × 𝑁 matrix describing

the subcarriers mapping of the uth user. Also 𝑀 = 𝑄 ⋅ 𝑁,
where 𝑄 is the maximum number of users that can transmit,
simultaneously.

The entries of M
𝑢
for both the localized and the inter-

leaved systems are given by [1, 3]

M
𝑢
= [0
(𝑢−1)𝑁×𝑁

; I
𝑁
; 0
(𝑀−𝑢𝑁)×𝑁

] ,

M
𝑢
= [0
(𝑢−1)×𝑁
; u𝑇
1
; 0
(𝑄−𝑢)×𝑁
; . . . ; 0

(𝑢−1)×𝑁
; u𝑇
𝑁
; 0
(𝑄−𝑢)×𝑁
] ,

(2)
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where the I
𝑁
and 0

𝑄

×𝑁

matrices denote the 𝑁 × 𝑁 identity
matrix and the 𝑄 × 𝑁 all-zero matrix, respectively. u

𝑙
(𝑙 =

1, 2, . . . , 𝑁) denotes the unit column vector, of length𝑁, with
all-zero entries except at 𝑙. The TX I/Q imbalance problem
distorts the ideal transmitted signal as follows:

xu = 𝛼𝑢x𝑢 + 𝛽𝑢x
∗

𝑢
, (3)

where x∗
𝑢
is the conjugate of x

𝑢
. The two complex scalars 𝛼

𝑢

and 𝛽
𝑢
are given by [9]

𝛼
𝑢
= cos𝜙

𝑢
+ 𝑗𝜀
𝑢
sin𝜙
𝑢
,

𝛽
𝑢
= 𝜀
𝑢
cos𝜙
𝑢
− 𝑗 sin𝜙

𝑢
,

(4)

where 𝜀
𝑢
and 𝜙

𝑢
denote the phase and amplitude imbalances

between I and Q branches of the transmitted signal of the uth
user, respectively. When the matching of I and Q balances
is ideal, that is, 𝜀

𝑢
= 1 and 𝜙

𝑢
= 0, then 𝛼

𝑢
= 1 and

𝛽
𝑢
= 0. At the end of the transmitter, the cyclic prefix (CP) is

appended to xu. The length of the CP must be longer than
that of the channel. The channel after removal of the CP
at the receiver can be described by an equivalent 𝑀 × 𝑀
circulant channel matrix Hu, whose first column is given
by h
𝑢
= [ℎ
𝑢
(0), ℎ
𝑢
(1), . . . , ℎ

𝑢
(𝐿 − 1), 0

1×(𝑀−𝐿)
]. ℎ
𝑢
(𝑛) (𝑛 =

0, 1, 2, . . . , 𝐿 − 1) is the multipath channel impulse response
between the uth user and the base station. L is the length of
the channel impulse response.

At the receiver side, the CP is removed from the received
signal and the received signal can be written as follows:

r =
𝑈

∑

𝑢=1

H
𝑢
x
𝑢
+ n, (5)

where x
𝑢
is an 𝑀 × 1 vector representing the block of

the transmitted symbols of the uth user. n is an 𝑀 × 1
vector describing the additive noise. It contains independent
identically distributed zero-mean additive white Gaussian
noise. Since the circulant matrix can be diagonalized by DFT
matrix [3], the received signal block after DFT is described as
follows:

R =
𝑈

∑

𝑢=1

Λ
𝑢
F
𝑀
(𝛼
𝑢
x
𝑢
+ 𝛽
𝑢
x∗
𝑢
) + N, (6)

where Λ
𝑢
is an𝑀 ×𝑀 diagonal matrix containing the DFT

of the circulant sequence of H
𝑢
; that is, Hu = F−1𝑀Λ𝑢F𝑀 [3].

N is the DFT of n.
After that, the demapping, the frequency domain equal-

ization (FDE), and the IDFT operations are performed to
provide the estimate of the modulated symbols as follows:

̂̃x
𝑢
= F−1
𝑁
W
𝑢
M𝑇
𝑢
R, (7)

whereW
𝑢
is the𝑁×𝑁 FDEmatrix of the uth user.M𝑇

𝑢
is the

𝑁×𝑀 subcarriers demapping matrix of the uth user. It is the
transport of the subcarrier mapping matrix.

Finally, the demodulation and the decoding processes are
performed.

TheRX I/Q imbalance problem distorts the ideal received
signal as follows:

r = 𝛼
𝑢
r + 𝛽
𝑢
r∗
𝑢
, (8)

where r is the received signal after removing the CP.

3. Proposed RX I/Q Imbalance
Compensation Scheme

One limiting issue in implementing high-speed wireless
systems is the impairment associated with analog process-
ing due to component imperfections. I/Q imbalance is a
major source of such impairment and it is one of the
main practical obstacles in the implementation of DCR.
This highlights the need for compensation scheme for IQ
imbalance. There have been many reports in the literature
on the compensation of the I/Q imbalance in orthogonal
frequency-division multiplexing (OFDM) systems [6, 10–12].
Several compensation methods for I/Q imbalance in OFDM
systems have been proposed in [6]. In [10] the effects of the
I/Q imbalance problem on the performance of the OFDMA
and SC-FDMA systems are investigated and compensated. In
[11], assuming that the channel frequency response is smooth,
a frequency domain estimation method has been proposed
to jointly estimate the I/Q imbalance and channel frequency
response. I/Q imbalance estimation and compensation in
OFDM systems have been studied in [12].

In this paper, the I/Q imbalance compensation scheme
in [11] is developed to compensate the effects of the I/Q
imbalance in SC-FDMA system. As we will see in the
simulation results, the RX I/Q scenario has greater effects on
the system performance than that of the TX I/Q scenario and
this scenario must be properly compensated at the receiver.
Thus, only the RX I/Q compensation will be discussed in this
paper. Define the I/Q parameter

𝜇 =
𝛽

𝛼∗
. (9)

Then from (8), we can write the vector 𝜇r as follows [11]:

𝜇r = r − 𝜇r∗

1 −
𝜇


2
. (10)

Thus if the I/Q parameter 𝜇 is known at the receiver, we can
use the above equation to compensate the impact of the RX
I/Q scenario.

After that, the signal in (10) is transformed into the
frequency domain followed by the demapping, the FDE, the
IDFT, the demodulation, and the decoding operations.

4. Simulation Results

In this section, the performance of the DFT-SC-FDMA
and the DCT-SC-FDMA systems in the presence of I/Q
imbalance problem has been evaluated by simulations.
Convolutional code with memory 7 and octal generator
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Table 1: Simulation parameters.

Parameter Description
System bandwidth 5MHz
modulation QPSK
Cyclic prefix 20 symbols
𝑀 512
𝑁 128

I/Q imbalance scenarios TX I/Q, RX I/Q, and TX-RX
I/Q

Subcarriers mapping method
DFT-IFDMA, DFT-LFDMA,

DCT-IFDMA, and
DCT-LFDMA

Channel estimation Perfect
Equalization MMSE

0
10

20
30

40

0
0.1

0.2
0.3

0.4

BE
R

DFT-IFDMA
DFT-LFDMA

𝜀
𝜙

TX I/Q, M = 512, N = 128, SNR =

100

10−1

10−2

10−3

15dB

Figure 2: Variation of the BER with both 𝜀 and 𝜙 for the DFT-
IFDMA and the DFT-LFDMA systems when the TX I/Q imbalance
scenario is used.

polynomials (133, 171) is chosen as channel code. QPSK is
used. The channel model used for simulations is vehicular A
outdoor channel [13]. The fading was modeled as quasistatic.
Simulation parameters are tabulated in Table 1. 𝜀 and 𝜙 are
randomly generated for each iteration.

Figures 2 and 3 demonstrate the impact of the TX
I/Q imbalance scenario on the performance of the DFT-
SCFDMA and DCT-SC-FDMA systems with different sub-
carriers mapping schemes and a SNR = 15 dB. Figures 2 and
3 show the variation of the BER with both 𝜀 and 𝜙 when the
TX I/Q imbalance scenario is considered. On the other hand,
𝜀 and 𝜙 are taken into account simultaneously. It is clearly
seen that the performance of the two systems deteriorates
at high values of 𝜀 and 𝜙, especially with the interleaved
subcarrier mapping. From these figures, it is clear that for
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Figure 3: Variation of the BER with both 𝜀 and 𝜙 for the DCT-
IFDMA and the DCT-LFDMA systems when the TX I/Q imbalance
scenario is used.
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Figure 4: Variation of the BER with both 𝜀 and 𝜙 for the DFT-
IFDMA and the DFT-LFDMA systems when the RX I/Q imbalance
scenario is used.

small tomoderate values of 𝜀 and 𝜙, the performances of both
systems are insensitive to 𝜀 and 𝜙.

Figures 4 and 5 show the variation of the BER with both
𝜀 and 𝜙 when the RX I/Q imbalance scenario is considered.
It is shown that the performance of the DFT-SC-FDMA and
DCT-SC-FDMA systems seriously deteriorates, especially at
high values of 𝜀 and𝜙. It is also noted that the effects of the RX
I/Q imbalance scenario on the DCT-SC-FDMA system are
greater than that on the DFT-SC-FDMA system, especially
with the interleaved mapping.

From Figures 2 to 5 it is clear that the effects of the RX I/Q
imbalance on the performance of the DFT-SC-FDMA and
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Figure 5: Variation of the BER with both 𝜀 and 𝜙 for the DCT-
IFDMA and the DCT-LFDMA systems when the RX I/Q imbalance
scenario is used.

0
10

20
30

40

0
0.1

0.2
0.3

0.4

BE
R

DFT-IFDMA
DFT-LFDMA

𝜀
𝜙

100

10−1

10−2

10−3

RX I/Q, M = 512, N = 128, SNR =TX- 15dB

Figure 6: Variation of the BER with both 𝜀 and 𝜙 for the DFT-
IFDMA and the DFT-LFDMA systems when the TX-RX I/Q
imbalance scenario is used.

DCT-SC-FDMA system are greater than that of the TX I/Q
imbalance, especially at high 𝜀 and 𝜙 values. On the other
hand, the larger the values of 𝜀 and 𝜙, the higher the BER
and the worse the performance. Also, the lower the values of
𝜀 and 𝜙, the lower the BER and the better the performance.
It is also shown that the effects of 𝜀 are greater than that of
𝜙.

Figures 6 and 7 study the effects of the TX-RX I/Q
imbalance scenario on the performance of the DFT-SC-
FDMA and DCT-SC-FDMA systems with different subcarri-
ers mapping schemes and a SNR = 15 dB. These figures show
that the TX-RX I/Q scenario has the highest effects on the
system performance of both systems when compared with
that of the TX I/Q and RX I/Q scenarios. Figures 3, 5, and
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Figure 7: Variation of the BER with both 𝜀 and 𝜙 for the DCT-
IFDMA and the DCT-LFDMA systems when the TX-RX I/Q
imbalance scenario is used.

7 indicate that the performance of the DCT-LFDMA is better
than that of the DCT-IFDMA at high 𝜀 values, regardless
of the 𝜙 values. This is because that the performance of the
interleaved system is more sensitive to the multiple access
interference than the performance of the localized system
[3].

Figures 8 and 9 show the BER performances versus
SNR for the DFT-SC-FDMA and DCT-SC-FDMA systems
for different I/Q imbalance scenarios. Each 𝜀

𝑢
is a random

variable with uniform distribution in [0, 0.2] and each 𝜙
𝑢
is

a random variable with uniform distribution in [−𝜋/8, 𝜋/8].
For the TX I/Q scenario, we can clearly see that the BER
performance is better than that of the RX I/Q scenario at
high SNR.This is because the interference is dominant at high
SNR values. However, the performances of these scenarios
are nearly the same at low SNR values, when SNR < 5,
because the noise is dominant at low SNR region. It is also
clear that the performance of the TX-RX scenario is the
worst as compared with the other scenarios. Thus, adding
an efficient compensation scheme for SC-FDMA systems is
very important to compensate the effects of the I/Q imbalance
problem.

With a BER of 10−3, the required SNR values for the
DCT-IFDMA and DFT-IFDMA systems without TX I/Q
imbalance are 16 dB and 16.25 dB, respectively, whereas the
required SNR for the DCT-IFDMA and DFT-IFDMA sys-
tems with TX I/Q imbalance are 20 dB and 18.75 dB, respec-
tively, which demonstrates a loss of 4 dB and 2.5 dB for the
DCT-IFDMA and DFT-IFDMA, respectively. This illustrates
that the effects of the TX I/Q imbalance on the DCT-
IFDMA system are greater than that on the DFT-IFDMA
system.

Figures 8 and 9 also show the performance of the
proposed RX I/Q compensation scheme for the DFT-SC-
FDMAandDCT-SC-FDMAsystems, respectively. It is clearly
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Figure 8: BER versus SNR for the DFT-IFDMA and the DFT-
LFDMA systems with different I/Q imbalance scenarios and RX I/Q
imbalance compensation scheme.

seen that the proposed compensation scheme can nearly
remove the effects of the RX I/Q imbalance scenario and
provide nearly the same performance as that without RX I/Q
imbalance.

5. Conclusions

In this paper, the issue of the I/Q imbalance problem in the
DFT-SC-FDMA and DCT-SC-FDMA systems was studied
and the obtained results might be taken into account in
a practical design. It was illustrated that the IQ imbalance
problem can cause large degradations in the DFT-SC-FDMA
and DCT-SC-FDMA receivers. The RX I/Q scenario has
significant effects on the performance degradation compared
with that of the TX I/Q scenario and these effects depend
on the subcarrier mapping used in the system. It was also
noted that the effects of the I/Q imbalance problem on
the performance of the DC-SC-FDMA system are greater
than that on the performance of the DFT-SC-FDMA system,
especially for the interleaved mapping scheme. Simulation
results also demonstrated that the difference between the BER
values in the regionwith 𝜀 varying from 0 to 0.1 and 𝜙 varying
from 1 to 20∘ is nearly negligible and the system performance
is not sensitive to these parameters in this region. The region
of the minimum BER is nearly the same for the DFT-SC-
FDMA and DCT-SC-FDMA systems with all I/Q scenarios:
the TX I/Q, the RX I/Q, and the TX-RX I/Q.
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Figure 9: BER versus SNR for the DCT-IFDMA and DCT-LFDMA
systems with different I/Q imbalance scenarios and RX I/Q imbal-
ance compensation scheme.

Also, an efficient RX I/Q compensation scheme for the
DFT-SC-FDMA and DCT-SC-FDMA receivers was devel-
oped. It was found that the developed scheme can effectively
improve the system performance and reduce the sensitivity of
the DFT-SC-FDMA andDCT-SC-FDMA receivers to the RX
I/Q imbalance problem.
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