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Exact Average OFDM Subcarrier SINR Analysis
under Joint Transmit-Receive I/Q Imbalance
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Abstract—The subcarrier signal to interference-plus-noise ra-
tio expression for orthogonal frequency division multiplexing sys-
tems impaired by in-phase/quadrature (I/Q) imbalance is a ratio
of correlated random variables. In its original form, a quadruple
integral is required to evaluate the exact average subcarrier
SINR which is cumbersome to compute numerically. We show
that the quadruple integral can be reduced to a single integral
which can be easily evaluated numerically. Furthermore, closed-
form expressions are derived for several important special cases
including TX-only I/Q imbalance, RX-only I/Q imbalance and
joint TX/RX I/Q imbalance with equal levels of I/Q imbalance
at the transmitter and at the receiver. In addition, we derive
high input SNR approximations which provide valuable insights
on how the average SINR is affected by the I/Q imbalance
levels at the transmitter and the receiver and by the channel
correlation between the image OFDM subcarriers. For example,
we show that at high input-SNR, TX-only I/Q imbalance is more
harmful, in terms of average subcarrier SINR, than RX-only I/Q
imbalance. Furthermore, we show that an approximate OFDM
subcarrier SINR expression, commonly used in the literature, is
not accurate when RX I/Q imbalance is present.

Keywords—I/Q Imbalance, SINR, OFDM

I. INTRODUCTION

The super-heterodyne architecture used in traditional
OFDM-based wireless transceivers requires more analog com-
ponents (bulky SAW band-pass filters and amplifiers) com-
pared to the direct-conversion transceiver. The reason is that
the former converts the RF signal down to baseband through
1 or 2 intermediate frequency (IF) stages whereas in the
latter the downconversion is implemented directly without any
IF stages. Therefore, direct-conversion transceivers are more
amenable to low-power low-cost CMOS integration at the
price of increased sensitivity to major RF impairments such
as I/Q imbalance, phase noise and carrier frequency offset
(CFO) [1]–[4].

As an example, we consider I/Q imbalance which refers
to the amplitude and phase mismatches of the in-phase (I)
and quadrature (Q) branches at the transmitter and at the
receiver. In an ideal transceiver, the I and Q branches of the
mixer should have equal amplitude and exactly 90o phase
shift, which is not practical to obtain in a direct-conversion
architecture where the quadrature mixing takes place at a high
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RF frequency. The non-ideal mixers account for the frequency-
independent I/Q imbalance where the I/Q imbalance levels are
identical from one OFDM subcarrier to another. On the other
hand, as the transmission bandwidth increases, there may also
be mismatches between the low-pass filters in the I and Q
branches, which result in frequency-dependent I/Q imbalance.
In this paper, we assume frequency-independent I/Q imbal-
ance; however, the generalization to the frequency-dependent
case is straightforward using the methodology in [5].

I/Q imbalance results in intercarrier interference (ICI) be-
tween each OFDM subcarrier and its image subcarrier [6]
which significantly degrades the performance. One of the
widely-used metrics to evaluate OFDM performance degra-
dation due to I/Q imbalance is the average subcarrier signal
to interference-plus-noise ratio (SINR). This SINR is first
expressed as an instantaneous subcarrier SINR conditioned on
a channel realization which is the ratio of the desired signal
power divided by the interference-plus-noise power. Then, an
expectation is taken over the random channel realizations. Both
the signal and interference terms contain channel terms from
the subcarrier and its image and; therefore, the numerator and
the denominator are correlated random variables making it
challenging to obtain an exact average SINR expression.

It is very common in the literature to approximate the
average SINR by treating the numerator and the denominator
separately. In [7]–[9], approximate average OFDM SINR ex-
pressions under phase noise are obtained where the correlation
between the numerator and the denominator due to the random
phase noise is ignored. On the other hand, the exact average
SINR is derived in [10] taking this correlation into account.
For OFDM systems under carrier frequency offset, the SINR
expression is also a ratio of correlated random variables
due to the channel correlation between different subcarriers.
The average OFDM subcarrier SINR under carrier frequency
offset was approximated in [11], [12]. However, it was shown
in [13] that an exact result can be obtained using the moment-
generating function (MGF) of a Gaussian quadratic form.

Approximate average SINR analysis for OFDM systems
impaired by I/Q imbalance under high mobility is reported
in [5]. For multiple-antenna OFDM systems under I/Q imbal-
ance, approximate average SINR analysis for MIMO spatial
multiplexing, space-time coded OFDM systems, and MIMO
beamforming can be found in [14], [15], and [16], respec-
tively. The ergodic capacity and the outage capacity are two
commonly-used metrics closely related to the SINR. In [17]
the ergodic capacity and the outage capacity of OFDM systems
impaired by I/Q imbalance are derived taking the correlation
of the numerator and the denominator into account. To the
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best of our knowledge, exact average SINR analysis of OFDM
systems impaired by joint transmit-receive I/Q imbalance that
takes the correlation between the numerator and the denom-
inator into account does not exist in the literature and is the
subject of this paper.

In this paper, we derive the exact average subcarrier SINR
expression of OFDM systems impaired by I/Q imbalance
under an arbitrary correlation coefficient between a subcarrier
and its image subcarrier. To avoid the quadruple integral
needed to obtain the exact average SINR expression, an ad-
ditional integral is introduced into the problem then a general
exact single-integral SINR expression is derived. This general
expression can be easily evaluated numerically. Moreover, we
derive closed-form expressions for several important special
cases such as TX-only I/Q imbalance, RX-only I/Q imbalance
and joint TX/RX I/Q imbalance with equal I/Q imbalance
levels at the transmitter and receiver. Approximations under
high input SNR are derived to gain valuable insights from the
closed-form expressions.

The rest of this paper is organized as follows. Section II
describes the system model and introduces the instantaneous
subcarrier SINR expression. In Section III, the exact average
subcarrier SINR expression is derived as a single integral and
several limiting and special cases are investigated. Simulation
results in Section IV verify the derived expressions and the
paper is concluded in Section V.

II. SYSTEM MODEL

We consider an OFDM system with K subcarriers impaired
by frequency-independent joint TX-RX I/Q imbalance. In such
a system, it is well-known that the received signal at the k-th
subcarrier will experience interference from its image at the k

′
-

th subcarrier given by k
′
= K−k+2 for k ∈ {2, 3, · · · ,K/2},

and the received signal has the form [6]

rk =
(
µrµthk + νrν

∗
t h

∗
k′
)
sk

+
(
µrνthk + νrµ

∗
th

∗
k′
)
s∗
k′ + µrnk + νrn

∗
k′

(1)

where µt and νt are the I/Q imbalance parameters at the
transmitter, µr and νr are the I/Q imbalance parameters at
the receiver and sk and sk′ are the transmitted symbols at
the k-th and k

′
-th subcarrier, respectively, with E{|sk|2} =

E{|sk′ |2} = P . The frequency-domain channel coefficients at
the k-th and k

′
-th subcarriers are denoted by hk and hk′ ,

respectively, and nk and nk′ are the zero-mean circularly-
symmetric complex additive white Gaussian noise (AWGN)
samples with variance σ2 at the k-th and k

′
-th subcarrier,

respectively. In the absence of I/Q imbalance, we have µt =
µr = 1, νt = νr = 0 and the received signal is equal to
rk = hksk + nk.

When the I/Q imbalance parameters are specified as gain
and phase imbalances, we have

µt = cos(
βt

2
)− jα̃t sin(

βt

2
), νt = α̃t cos(

βt

2
)− j sin(

βt

2
),

µr = cos(
βr

2
) + jα̃r sin(

βr

2
), νr = α̃r cos(

βr

2
)− j sin(

βr

2
)

where α̃t and βt are the gain and phase imbalances at the
transmitter, respectively, and α̃r and βr are the gain and phase
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Fig. 1. Magnitude of ρk for different subcarrier pairs for K = 128 and
L = 3

imbalances at the receiver, respectively. Note that, ideally α̃t =
α̃r = 0 and βt = βr = 0. To specify the gain imbalances
in dB scale, we use αt = 10 log10(1 + α̃t) dB and αr =
10 log10(1+ α̃r) dB so that 0 dB corresponds to no amplitude
imbalance [5].

In general, |µr||µt| ≫ |νr||νt|, therefore, the received signal
in (1) may be approximated by

rk ≈ (µrµthk) sk +
(
µrνthk + νrµ

∗
th

∗
k′
)
s∗
k′ + µrnk + νrn

∗
k′

(2)
If we assume an L-tap channel impulse response (CIR) where
the tap coefficients are i.i.d. circularly-symmetric complex
Gaussian random variables with variances σ2

l and
∑L

l=1 σ
2
l =

1, then the channel coefficients hk = h1 + jh2 and hk′ =
h3 + jh4 are zero-mean circularly-symmetric complex Gaus-
sian random variables with E{|hk|2} = E{|hk′ |2} = 1. The
correlation between hk and hk′ is given by [18]

E{hkh
∗
k′} = ρk = ρk,R + jρk,I (3)

where ρk =
∑L

l=1 σ
2
l e

j2π(k
′
−k)(l−1)/K . For example, if we

assume a uniform power delay profile then it can be shown
that

|ρk| =
| sin(π(k′ − k)L/K)|
L| sin(π(k′ − k)/K)|

(4)

Fig. 1 shows the magnitude of ρk for different subcarrier
pairs assuming K = 128, L = 3, and a CIR with uniform
power delay profile. Note that for the pair k = 2, k

′
= 128,

the correlation is close to one whereas for the pair k = 22,
k

′
= 108, the correlation is close to zero.
Conditioned on the channel coefficients, the instantaneous

subcarrier SINR can be written as

γk =
|µr|2|µt|2|hk|2

|ahk + bh∗
k′ |2 + SNR−1 (5)

where SNR = P/((|µr|2 + |νr|2)σ2), a = aR + jaI = µrνt,
and b = bR + jbI = νrµ

∗
t . The random quantities in (5)

are real-valued and positive; hence, they can be written as
|hk|2 = h2

1 + h2
2 and |ahk + bh∗

k′ |2 = hTDh where

D =
[
A B

]T [
A B

]
=

[
ATA ATB
BTA BTB

]
, (6)
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using MATLAB c⃝ notation A = [aR − aI ; aI aR], B =
[bR bI ; bI − bR], and h = [h1 h2 h3 h4]

T . It can be shown
that h is a real-valued jointly Gaussian vector with zero mean
and covariance matrix E{hhT } = 0.5 [I2 C;CT I2] = Ch

where C = [ρk,R − ρk,I ; ρk,I ρk,R].

III. SINR ANALYSIS

A. Derivation of the Exact Average Subcarrier SINR

The exact average OFDM subcarrier SINR is given by the
expectation of (5) over the random channel coefficients of the
subcarrier and its image; i.e. the four-dimensional vector x, as
follows

γ̄k = Eh

{
|µr|2|µt|2(h2

1 + h2
2)

hTDh+ SNR−1

}
(7)

Note that the expectation in (7) requires a quadruple inte-
gral. We will tackle this problem by adding another integral
in a way such that the whole expression is reduced to a
single integral which can be easily evaluated numerically.
Furthermore, we will show in Section IV that several important
special cases have a closed-form expression. The additional
integral that we introduce in (7) will eliminate the denominator
and it is based on the identity [13]

1

x
=

∫ ∞

0

exp(−xt)dt ∀x > 0 (8)

and that the average subcarrier SINR can be expressed as

γ̄k = |µr|2|µt|2
∫ ∞

0

Eh{(h2
1 + h2

2)e
−thTDh}e−t/SNRdt. (9)

First we define

ϕ(t1, t2, t) = Eh

{
exp(−hT (diag([t1, t2, 0, 0]) + tD)h)

}
.

Then, the derivatives of ϕ(t1, t2, t) with respect to t1 and t2
evaluated at t1 = t2 = 0 are equal to

∂ϕ(t1, t2, t)

∂t1

∣∣∣∣
t1=t2=0

= Eh

{
−h2

1 exp(−thTDh)
}
, (10)

∂ϕ(t1, t2, t)

∂t2

∣∣∣∣
t1=t2=0

= Eh

{
−h2

2 exp(−thTDh)
}
. (11)

Therefore,

Eh{(h2
1 + h2

2)e
−thTDh} = − ∂ϕ

∂t1
− ∂ϕ

∂t2

∣∣∣∣
t1=t2=0

. (12)

Note that hT (diag([t1, t2, 0, 0]) + tD)h is a quadratic
form in the random vector h. Therefore, ϕ(t1, t2, t) can be
evaluated from the moment generating function of a quadratic
form [19, Appendix B] to obtain

ϕ(t1, t2, t) = det(E)−1/2 (13)

where E = I4 + 2(diag([t1, t2, 0, 0]) + tD)Ch. Combining
(10), (12), and (13), we have

E{(h2
1 + h2

2)e
−thTDh} =

(
∂ det(E)

∂t1
+ ∂ det(E)

∂t2

)
2 det(E)3/2

∣∣∣∣∣∣
t1=t2=0

(14)

After some manipulations, it can be shown that

det(E)|t1=t2=0 = 1 + β1t+ β2t
2 (15)

and

(
∂ det(E)

∂t1
+

∂ det(E)

∂t2

)∣∣∣∣
t1=t2=0

= 2+2α1t+2α2t
2

(16)
where

α1 = |a|2 + 2|b|2 − |b|2|ρ|2,
α2 = |b|2(|a|2 + |b|2)(1− |ρ|2)
β1 = 2(|a|2 + |b|2),
β2 = (|a|2 + |b|2)2 − 4|ρ|2|a|2|b|2.

Substituting from (15) and (16) into (14), we obtain

E
{
(h2

1 + h2
2) exp(−thTDh)

}
=

1 + α1t+ α2t
2

(1 + β1t+ β2t2)3/2
. (17)

Therefore, the average subcarrier SINR is given by

γ̄k = |µr|2|µt|2
∫ ∞

0

(1 + α1t+ α2t
2)e−t/SNR

(1 + β1t+ β2t2)3/2
dt (18)

which can be directly evaluated by numerical integration.

B. Special Cases

In this section, we will first derive the average subcarrier
SINR expressions for several important special cases. Then,
these expressions will be used to obtain high input SNR
approximations in each case which provide insights on the
average SINR behaviour.

1) TX-Only I/Q Imbalance: If the I/Q imbalance exists
only at the transmitter, then µr = 1, νr = 0, b = 0, and
a = νt. Therefore, α1 = |νt|2, α2 = 0, β1 = 2|νt|2, and
β2 = |νt|4. The average subcarrier SINR in (18) reduces to

γ̄k,TX = |µt|2
∫ ∞

0

(1 + |νt|2t)e−t/SNR

(1 + 2|νt|2t+ |νt|4t2)3/2
dt

= |µt|2
∫ ∞

0

e−t/SNR

(1 + |νt|2t)2
dt

By making the change of variable w = (1+ |νt|2t) and using
the integral [20, 3.351.4]∫ ∞

1

e−kw

w2
dw = e−k − kE1(k) (19)

we obtain

γ̄k,TX =
|µt|2

|νt|2

1−
exp

(
1

SNR|νt|2

)
E1

(
1

SNR|νt|2

)
SNR|νt|2

 (20)

where E1(k) =
∫∞
1

e−kt

t dt is the exponential integral of order
1. Note that the average SINR for TX-only I/Q imbalance does
not depend on ρk. This is because when νr = 0, the channel
response of the image subcarrier does not affect the SINR.
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2) RX-Only I/Q Imbalance: For RX-only I/Q imbalance,
µt = 1, νt = 0, a = 0, and b = νr. Therefore, α1 = |νr|2(2−
|ρk|2), α2 = |νr|4(1 − |ρk|2), β1 = 2|νr|2, and β2 = |νr|4.
After some manipulations, the average subcarrier SINR in (18)
becomes

γ̄k,RX = |µr|2
∫ ∞

0

(1 + |νr|2(1− |ρk|2)t)e−tSNR−1

(1 + |νr|2t)2
dt (21)

By making the change of variable w = (1 + |νt|2t), dividing
the integral into two parts and using (19), we obtain

γ̄k,RX =
|µr|2

|νr|2

[
|ρk|2 +

(
1− |ρk|2 −

|ρk|2

SNR|νr|2

)
exp

(
1

SNR|νr|2

)
E1

(
1

SNR|νr|2

)] (22)

It can be easily verified by differentiation that γ̄k,RX is
monotonically decreasing with |ρk| (see also Fig. 5). Hence,
we consider the two special cases of |ρk| = 0 and |ρk| = 1
which serve as an upper and lower-bound, respectively. When
|ρk| = 0, (22) becomes

γ̄ρk=0
k,RX =

|µr|2

|νr|2
exp

(
1

SNR|νr|2

)
E1

(
1

SNR|νr|2

)
. (23)

When |ρk| = 1, (22) becomes

γ̄ρk=1
k,RX =

|µr|2

|νr|2

1− exp
(

1
SNR|νr|2

)
E1

(
1

SNR|νr|2

)
SNR|νr|2

 .

(24)
3) Joint TX/RX I/Q Imbalance for |ρk| = 0: If we

asssume that the correlation coefficient is zero, then α1 =
|a|2 + 2|b|2, α2 = |b|2(|a|2 + |b|2), β1 = 2(|a|2 + |b|2),
β2 = (|a|2 + |b|2)2. Then, after some manipulations, the
average subcarrier SINR in (18) becomes

γ̄ρk=0
k = |µr|2|µt|2

∫ ∞

0

(1 + |b|2t)e−tSNR−1

(1 + (|a|2 + |b|2)t)2
dt

By making change of variable w = 1+(|a|2+ |b|2)t, dividing
the integral into two and using (19) we obtain

γ̄k
ρk=0 =

|µr|2|µt|2

(|a|2 + |b|2)2

[
|a|2 +

(
|b|2 − |a|2

SNR(|a|2 + |b|2)

)
× exp

(
1

SNR(|a|2 + |b|2)

)
E1

(
1

SNR(|a|2 + |b|2)

)]
(25)

Furthermore, if we assume equal I/Q imbalance at the
transmitter and at the receiver, i.e., |µr|2 = |µt|2 = |µ|2 and
|νr|2 = |νt|2 = |ν|2, we get

γ̄k
ρk=0 =

|µ|2

4|ν|2

[
1 +

(
1− 1

2SNR|µ|2|ν|2

)
× exp

(
1

2SNR|µ|2|ν|2

)
E1

(
1

2SNR|µ|2|ν|2

)] (26)

4) Joint TX/RX I/Q Imbalance for |ρk| = 1: When the
correlation coefficient is equal to one, then α1 = |a|2 + |b|2,
α2 = 0, β1 = 2(|a|2 + |b|2), and β2 = (|a|2 − |b|2)2. Then,
after some manipulations, the average subcarrier SINR in (18)
becomes

γ̄k
ρk=1 = |µr|2|µt|2

×
∫ ∞

0

(1 + (|a|2 + |b|2)t)e−tSNR−1

(1 + 2(|a|2 + |b|2)t+ (|a|2 − |b|2)2t2)3/2
dt

(27)

which can be evaluated numerically. For equal I/Q imbalance
at the transmitter and the receiver, we have

γ̄ρk=1
k = |µ|4

∫ ∞

0

(1 + 2|µ|2|ν|2t)e−tSNR−1

(1 + 4|µ|2|ν|2t)3/2
dt

By making change of variable w = 1 + 4|µ|2|ν|2t, dividing
the integral into two parts and using [20, 3.381.4] for both
terms we get

γ̄k
ρk=1 =

|µ|2

8|ν|2
e

1
4SNR|µ|2|ν|2

Γ
(
−1

2 ,
1

4SNR|µ|2|ν|2

)
√

4SNR|µ|2|ν|2

+
√
4SNR|µ|2|ν|2Γ

(
1

2
,

1

4SNR|µ|2|ν|2

)] (28)

where Γ(α, x) =
∫∞
x

e−ttα−1dt is the upper incomplete
Gamma function. Using [20, 8.359.3, 8.356.2]

Γ

(
1

2
, x

)
= 2

√
πQ(

√
2x) (29)

and Γ

(
−1

2
, x

)
= 2x−1/2e−x − 4

√
πQ(

√
2x) (30)

where Q(x) is the Q-function. Using (29) and (30) in (28) we
obtain

γ̄k
ρk=1 =

|µ|2

4|ν|2

[
1 +

(
2SNR|µ|2|ν|2 − 1√

SNR|µ|2|ν|2

)
√
π

× exp

(
1

4SNR|µ|2|ν|2

)
Q

(√
1

2SNR|µ|2|ν|2

)] (31)

C. High Input SNR Approximations

To gain more insights into the derived expressions, we
consider the asymptotic scenario as the input SNR become
large where I/Q imbalance effects are expected to dominate
noise effects.

1) TX-only I/Q imbalance: When the input SNR becomes
large, the exponential term in (20) approaches one. The series
representation of E1(x) due to [20, 8.213.1] suggests that as
x goes to zero E1(x) ≈ ln(1/x), therefore, E1

(
1

SNR|νt|2

)
≈

ln(SNR|νt|2) = ln(SNR) + ln(|νt|2) ≈ ln(SNR). Due to the
division by SNR, we get

γ̄k,TX ≈ |µt|2

|νt|2
(32)

which shows that the average SINR reaches a ceiling.
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|ρk| = 0 |ρk| = 1
No IQI γ̄k= SNR γ̄k=SNR

TX-Only IQI γ̄k,TX ≈ |µt|2
|νt|2

γ̄k,TX ≈ |µt|2
|νt|2

RX-Only IQI γ̄
ρk=0
k,RX ≈ |µr|2

|νr|2
ln(SNR) γ̄

ρk=1
k,RX ≈ |µr|2

|νr|2

Equal IQI γ̄
ρk=0
k ≈ |µ|2

4|ν|2 ln(SNR) γ̄
ρk=1
k ≈ |µ|3

√
π

2|ν|
√
SNR

TABLE I
SUMMARY OF HIGH INPUT SNR APPROXIMATIONS FOR AVERAGE SINR

2) RX only I/Q imbalance: For high input SNR, the
expression in (22) can be approximated by

γ̄k,RX ≈ |µr|2

|νr|2
[
|ρk|2 +

(
1− |ρk|2

)
ln(SNR)

]
. (33)

which shows that the average SINR continues to increase with
input SNR (i.e. no ceiling except for the DC and Nyquist
subcarriers where |ρk| = 1) but only proportional to the
logarithm of input-SNR. The two extremes can be evaluated
as

γ̄k,RX ≈

{ |µr|2
|νr|2 ln(SNR) |ρk| = 0

|µr|2
|νr|2 |ρk| = 1

(34)

Note that, unlike the RX-only I/Q imbalance case, the TX-
only I/Q imbalance case always exhibits an SINR ceiling for
high input-SNR. Therefore, at high-input SNR, TX-only I/Q
imbalance is more harmful than RX-only I/Q imbalance when
the average subcarrier SINR is considered. It is interesting
to note that this is in contrast to [21] where RX-only I/Q
imbalance was shown to be more harmful than TX-only
I/Q imbalance when bit error rate (BER) is considered as
a performance metric. However, the ergodic capacity results
in [17] exhibit a behaviour similar to our average SINR results.

3) Equal I/Q imbalance: For |ρk| = 0, the expression in
(26) for high input SNR becomes

γ̄ρk=0
k ≈ |µ|2

4|ν|2
ln(SNR). (35)

Furthermore, for |ρk| = 1, the expression in (31) for high
input SNR becomes

γ̄ρk=1
k ≈ |µ|3

√
π

2|ν|
(SNR)1/2 (36)

A summary of these analytical results is provided in Table
I.

D. Approximate SINR Expression

An approximate average SINR expression, widely used in
the literature, is obtained by taking the expectation of the
numerator and the denominator separately in (7) as follows

γ̄apprx
k =

Eh{|µr|2|µt|2(h2
1 + h2

2)}
Eh{hTDh+ SNR−1}

=
|µr|2|µt|2

|a|2 + |b|2 + SNR−1 .

(37)
where we use the relation Eh{hTDh} = tr(DCh) =
|a|2 + |b|2. Note that the effect of ρk is not reflected in
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Fig. 2. Average SINR vs. input SNR for TX-only I/Q imbalance with αt =
0.5 dB and βt = 1o

the approximate average SINR expression. For TX-only I/Q
imbalance, we get

γ̄apprx
k,TX =

|µt|2

|νt|2 + SNR−1 (38)

and for high input-SNR γ̄apprx
k,TX ≈ |µt|2/|νt|2. For RX-only

I/Q imbalance , we get

γ̄apprx
k,RX =

|µr|2

|νr|2 + SNR−1 . (39)

and for high input-SNR γ̄apprx
k,RX ≈ |µr|2/|νr|2. Note that, for

high input SNR and TX-only I/Q imbalance, the approxi-
mate average SINR expression and the exact average SINR
expression in (32) match, however, when RX I/Q imbalance
is present, the approximate average SINR expression can
not predict the dependence on |ρk| in (33) which can be
significant, as shown in Fig. 5.

IV. SIMULATION RESULTS

In this section, the analytical results obtained in Section III
and IV are verified by Monte Carlo simulations. Fig. 2 shows
the average OFDM subcarrier SINR vs. input SNR for TX-
only I/Q imbalance with αt = 0.5 dB and βt = 1o. The
simulation results validate the analytical result in (20). Note
that the average subcarrier SINR does not depend on ρk in
this case. Moreover, the approximate average SINR expression
in (38) is accurate for low and high input-SNR levels. Fig. 3
shows the average subcarrier SINR vs. input SNR for RX-only
I/Q imbalance with αr = 0.5 dB and βr = 1o. The simulation
results validate the analytical results in (23) and (24). Also at
high SNR, for |ρk| = 0, the average SINR increases with the
logarithm of the input SNR whereas for |ρk| = 1, it converges
to a constant value, as predicted by (34) . Moreover, for |ρk| =
0, the average SINR is higher than in the case of |ρk| = 1, for
all input SNR levels. Finally, we observe that the appproximate
average SINR is not accurate for high input-SNR levels unless
|ρk| = 0.

Fig. 4 depicts the average OFDM subcarrier SINR vs. input
SNR for joint TX/RX I/Q imbalance when the I/Q imbalance
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Fig. 3. Average SINR vs. input SNR for RX only I/Q imbalance with
αr = 0.5 dB and βr = 1o.
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Fig. 4. Average SINR vs. input SNR for joint TX-RX I/Q imbalance with
αt = αr = 0.5 dB and βt = βr = 1o.

levels are assumed to be equal at the transmitter and the
receiver. The simulation results shown by markers match with
the analytical results in (26) and (31). Note that in this case,
for high input SNR and |ρk| = 0, the average SINR increases
with the logarithm of the input SNR whereas for |ρk| = 1, it
increases with the square root of the input SNR , as predicted
by (35) and (36). Therefore, as the input SNR increases, the
average SINR for |ρk| = 1 is higher than its value for |ρk| = 0.
The approximate average SINR expression in all cases can not
predict the exact SINR accurately.

The effect of channel correlation between a subcarrier and
its image subcarrier is shown Fig. 5 assuming α = 0.5 dB
and β = 1o for RX-only I/Q imbalance, TX-only imbalance,
and joint TX/RX I/Q imbalance at 30 dB input SNR. Note
that for the parameters chosen the average SINR is bounded
between its values for |ρk| = 0 and |ρk| = 1. Finally, in Fig. 6
we simulate an OFDM system with K = 1024 subcarriers and
exponentially-decaying multipath channel model with L=3 and
L=8 uncorrelated taps and 1 dB decaying factor per tap. The
average subcarrier SINR is shown for different subcarrier pairs
and it is clear that the simulation results denoted by markers
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Fig. 5. Average SINR vs. absolute value of the channel correlation coeff
for RX-only I/Q imbalance, TX-only I/Q imbalance, and joint TX-RX I/Q
imbalance. The input SNR level is 30 dB and the I/Q imbalance level is
αt = αr = 0.5 dB and βt = βr = 1o
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Fig. 6. Average SINR vs. subcarrier index for an OFDM system with 1024
subcarriers and exponentially decaying power channel model for RX-only
I/Q imbalance, TX-only I/Q imbalance, and joint TX-RX I/Q imbalance. The
input SNR level is 30 dB and the I/Q imbalance level is αt = αr = 0.5 dB
and βt = βr = 1o. Lines show analytical results while markers ’x’ and ’.’
show the simulation results for 8-tap and 3-tap channels, respectively.

’x’ for L = 8 and ’.’ for L = 3 match the analytical results.
It is also clear that the average SINR is higher for RX-only
than TX-only I/Q imbalance at this high input SNR level of
30 dB. Furthermore, higher number of channel taps results in
reduced correlation between subcarriers and this is reflected
in the average subcarrier SINR curves.

V. CONCLUSIONS

We derived an exact average subcarrier SINR expression
for OFDM systems under joint TX/RX I/Q imbalance and
demonstrated that it is strongly dependent on the channel
correlation coefficient between each OFDM subcarrier and
its image. Moreover, we have shown, based on the average
SINR metric, that at high input-SNR TX-only I/Q imbalance
degrades the performance more than RX-only I/Q imbalance
of the same level. In addition, we showed that an approximate
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average SINR expression, widely used in the literature, is not
accurate when RX I/Q imbalance is present.
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