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Impact of Transceiver RFIC Impairments
on MIMO System Performance

Yuehai Jin and Fa Foster Dai, Fellow, IEEE

Abstract—This paper addresses the performance degradation of
multiple-input multiple-output (MIMO) communication systems
due to MIMO wireless transceiver radio frequency integrated
circuits (RFIC) imperfections. The effects of signal coupling in RF
front-end, frequency synthesizer phase noise, and the gain imbal-
ance between different radio paths are investigated. These issues
are explored by analytical derivations and results are verified by
Monte Carlo simulations. The analytical model achieves a good
agreement with the simulation results. The conclusion can serve
as a useful reference for MIMO RFIC designers.

Index Terms—Alamouti code, bit error rate (BER), multiple-
input multiple-output (MIMO), phase noise, quadrature phase
shift keying (QPSK), signal coupling, space-time block codes
(STBC).

I. INTRODUCTION

THE traditional wireless communication transceiver
employs a single transmitter antenna and a single

receiver antenna to form a single-input single-output (SISO)
system. However, a SISO system cannot meet the ever-
increasing demand of high data rate and reliability in future
wireless communication systems. In recent years, digital
communication systems using multiple-input multiple-output
(MIMO) have been developed to achieve better performance
without additional costs of bandwidth and transmission
power. This technology has been rapidly adopted by modern
commercial communication standards such as wireless local
area network (WLAN) standard IEEE802.11n and beyond
third generation (B3G) mobile communication systems. The
underlying principle of MIMO is to exploit the rich spatial
dimensions and to provide the multiple-path wireless link with
two types of benefits, diversity gain or throughput increase.
According to [1], [2], these two benefits can actually be
traded off to make MIMO flexible enough to fit into different
communication standards. With the advance of MIMO
technique, MIMO transceiver RFIC design has been attracting
more attention recently [3]–[8]. [3] demonstrated the first RFIC
implementation for a 2 × 2 MIMO WLAN system. Despite the
fast development of MIMO systems, there is a big gap between
MIMO theory and its practical RFIC implementation. The
design given in [3] shows two duplicate RF receivers that were
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integrated into a single chip that results in new challenges for
RFIC designs such as inter-chain coupling and gain imbalance,
which never exists in SISO RFICs. In [9], the receiver inter-
chain coupling effect on space-time block code (STBC) MIMO
system performance was analyzed. But it did not analyze the
transmitter side coupling, which contributes to the major part
of signal coupling in a MIMO RFIC due to the on-chip power
amplifier. Compared to transmitter circuits, receiver circuits
normally generate much less coupling energy. Gain imbalance
among different RF paths is another concern that could greatly
affect the MIMO system performance and has not been fully
investigated so far. Similar to the SISO system, the phase
noise of the frequency synthesizer directly affects system
performance. But so far, there are only numerical results that
address this problem [10] which do not provide a clear and
thorough explanation about the relationship between phase
noise and MIMO performance.

This paper uses a 2 × 2 MIMO system model to investigate
the RF impairments. The Alamouti code [11] is employed to
demonstrate MIMO diversity ability and RF effects. Quadrature
phase shift keying (QPSK) symbols are transmitted for their
convenience to calculate BER performance and to be gener-
alized to higher order modulation schemes. Regardless of the
choice of modulations, the signal-to-noise ratio (SNR) degra-
dation analysis is general and is not dependant on modulation
schemes. Three RFIC imperfections are the major concerns of
this paper: Transmitter signal coupling, frequency synthesizer
output phase noise, and gain imbalance. The closed-form an-
alytical expression of the SNR degradation caused by every
imperfection is derived. The system BER performance can be
directly obtained from its SNR assessments. There is no base-
band correction algorithm used to combat the RF impairments
because different algorithms have different improvements. Our
results indicate the largest system performance degradation due
to these impairments.

This paper is organized as follows. Section II develops the
MIMO system model considering signal coupling, phase noise,
and gain imbalance effects. Section III derives the analytical
expression of SNR loss due to RF impairments. Section IV
provides the Monte Carlo simulation results to verify the the-
oretical analysis. Finally, conclusions are drawn in Section V.

II. SYSTEM MODEL

A. MIMO System Model

The MIMO communication system under consideration is
modeled in Fig. 1. At the transmitter side, the binary data stream
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Fig. 1. Overview of MIMO communication system.

is first mapped into complex modulation symbols (e.g., QPSK).
Then, the symbols are fed into the STBC encoder to produce
separate symbol streams (two streams in this analysis). In this
paper, a 2 × 2 antenna array was established to provide a
total of four spatial dimensions, which can be used either for
spatial diversity or for spatial multiplexing. Spatial diversity
provides more transmission reliability over the wireless channel
at no cost of more power or spectrum. However, it needs
space-time codes (STC) to fully exploit the diversity gain (four
in this analysis) provided by a 2 × 2 channel environment.
Spatial multiplexing supplies more freedom to transmit data
simultaneously. In an M × N MIMO system, the data rate
is improved by a factor of min(M,N) times compared to a
SISO system [1] (M and N are numbers of transmitter and
receiver antennas). Since a spatial diversity MIMO scheme is
more frequently adopted in modern communication systems
(for example IEEE802.11n and 3G), this paper focuses on STC
MIMO analysis.

Alamouti [11] proposed a famous STC block coding scheme
for transmission using two antennas. This scheme only needs
linear processing and easily demonstrates the basic effect of
RF impairments. Hence, Alamouti code is adopted in this
paper. Assume that s1, s2, s3, s4, etc., are consecutive symbols
generated from QPSK modulator. Alamouti suggested grouping
the symbols and every group has two symbols. In the first
time slot, send s2 and s2 from the first and second antenna,
respectively. In the second time slot, send −s∗2 and s∗1 from
the first and second antenna, respectively. Alamouti block code
matrix is given by

S =
[

s1 −s∗2
s2 s∗1

]
(1)

where vector [s1 − s∗2] is the signal sent to the first antenna
and vector [s2 s∗1] represents the signal sent to the second
antenna.

The channel matrix can be expressed as

H =
[

h11 h12

h21 h12

]
(2)

where hij is the complex channel gain from transmitter antenna
j to receiver antenna i and modeled as independent Gaussian
variables with variance of 0.5 per real dimension.

The additive noise matrix is given by

N =
[

n11 n12

n21 n22

]
(3)

where nij is noise received at the ith antenna of the jth symbol
with variance of σ2

n, assuming that each nij has Gaussian
distribution and is independent of each other. Thus, the received
signal matrix can be found as

R =
[

r11 r12

r21 r22

]
= HS + N. (4)

The maximum likelihood (ML) estimation of Alamouti code
with PSK modulation is given by [11]

ŝ1 =h∗
11r11 + h∗

21r21 + h12r
∗
12 + h22r

∗
22 (5)

ŝ2 =h∗
12r11 + h∗

22r21 − h11r
∗
12 − h21r

∗
22 (6)

where ∗ denotes the conjugate operation.

B. Signal Coupling Model

In order to reduce the cost of the MIMO transceiver RFIC, it
is desirable to integrate multiple RF transceivers onto a single
substrate. Thus, coupling may occur between closely spaced RF
chains and cause signal crosstalk. The coupling will increase
the correlation between different independent spatial links and
degrade system performance. Relative to transmitter coupling,
the MIMO system is not very sensitive to receiver coupling
because white noise is added to the signal before receiver
coupling happens. When the MIMO system tries to equalize
the receiver coupling, it will not amplify the white noise [12].
In addition, the transmitter block has the higher power level,
so coupling between transmitters is the major concern of this
paper. Usually, the transmitter and receiver modules of a full-
duplex communication system work at different frequencies,
namely, in a frequency division duplex manner. A half-duplex
system alternates operational period to avoid collision. In ei-
ther case, the amplified signal in transmitter circuits will not
interfere with the receiver chains through coupling, so this
effect will not be considered in the analysis. Fig. 2 illustrates
one of the coupling equivalent circuit models. There are two
chains interacting with each other by mutual inductance and
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Fig. 2. Signal coupling model.

capacitance crosstalk. These interactions might occur on chip
or even between signal traces on printed circuit boards [13]. For
MIMO systems, every transceiver occupies a relatively large die
area and the distance between each transceiver is large enough
that coupling capacitance and mutual inductance are small.
Most signal leakage is through the substrate which can be mod-
eled as resistance. The normal resistivity of silicon substrate is
11–16 Ω • cm. Therefore, there is considerable substrate loss
which cannot be ignored. Assume that the coupling network has
all ports impedance matched. Let α be the voltage transmission
coefficient of efficiency, defined as

|α| =

√
signal power absorbed by load
signal power input to one chain

. (7)

Let β be the voltage coupling coefficient defined by

|β| =

√
signal power coupled to adjacent load

signal power input to one chain
. (8)

For most of the applications, the transmitting signal should be
much stronger than the coupling signal, namely

|α| � |β|. (9)

Conservation of energy dictates that

|α|2 + |β|2 ≤ 1 (10)

where |α|2 + |β|2 < 1 happens when energy is lost through re-
sistive coupling. Furthermore, an assumption can be made that
the coupling network has the symmetrical property between
two RF transmitter chains. Therefore, for one Alamouti block
code, the corresponding coupling matrix is defined as

C =
[

α β
β α

]
. (11)

This matrix can be inserted into (4) to generate a new received
signal matrix with signal coupling impairment

R =
[

r11 r12

r21 r22

]
= HCS + N. (12)

C. Phase Noise Model

Phase noise of the voltage-controlled oscillator (VCO) has
been the topic of numerous studies [14]–[16]. Used in the local
oscillator, the VCO provides a sinusoidal wave for the purpose
of frequency conversion at the up/down mixers. The VCO
output can be expressed as

v(t) = A(t) cos [ωt + φ(t)] (13)

where ω is the angular frequency of the oscillator. A(t) and φ(t)
are amplitude and phase fluctuations, respectively. Since the
top-quad transistors in a Gilbert mixer are normally operated
in full switching mode, the LO amplitude modulation can be
ignored. Only the phase noise contributes to the single sideband
noise spectral density of v(t). The phase noise in a free-running
VCO is usually treated as a non-stationary Brownian motion
process. Actually in most RF transceivers, a phase-locked loop
(PLL) is employed as a frequency synthesizer to provide a
more stable output. The closed-loop PLL output has different
phase noise behavior from the free-running VCO output. In
[17], it is shown that a PLL’s output power spectral density
(PSD) follows the reference signal spectrum for a very small
frequency offset. Equivalently, the PSD’s main lobe is narrower
than a free-running VCO. More importantly, the output of
the PLL in a locked condition is asymptotically wide-sense
stationary with zero mean value and little variation, which
justifies the assumption

|φ(t)| � 1 (14)

φ(t) is in the unit of radian. Based on the Wiener–Khintchine
Theorem, a narrower PSD main lobe can be translated into
longer coherence time. Both the theoretical prediction and
empirical measurement indicate that the PSD of phase noise
falls below −100 dBc/Hz, beyond 10 kHz away from the carrier
frequency ω. Most modern communication systems occupy at
least a few MHz bandwidth in order to support Msps symbol
rate, which is much larger than the phase noise fluctuation rate.
Hence, the phase noises of two consecutive symbols, such as
the case of Alamouti code, are strongly positive correlated (as
detailed in Appendix)

ρ =
Eφ(t)φ(t + T )

σ2
φ

≈ 1 (15)

where T is the symbol duration and σ2
φ is the variance of phase

noise.

D. Gain Imbalance Model

The MIMO transceiver RFIC integrates multiple RF chains
into a single chip. The gain imbalance between different RF
chains (transmitters or receivers) is caused by an unavoidable
device mismatch and process variation that degrades MIMO
performance. Let a1 and a2 be the voltage gain coefficients of
two RF chains at the transmitter. The conservation of energy
leads to the following normalized equation:

|a1|2 + |a2|2 = 2. (16)

The same principle also applies to receiver side gain coef-

ficients b1 and b2. By inserting matrix A =
[

a1 0
0 a2

]
and

A =
[

b1 0
0 b2

]
into (4), the received signal is rewritten as

R =
[

r11 r12

r21 r22

]
= B(HAS + N). (17)
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Additive noise N is also affected by the receiver gain
imbalance.

III. PERFORMANCE DEGRADATION ANALYSIS

A. Signal Coupling Effect

This section begins to evaluate the performance degradation
caused by RF imperfections. According to (12), HC can be
considered as a new channel matrix G

G = HC =
[

g11 g12

g21 g22

]
. (18)

Assuming perfect channel estimation, the ML estimation of s1

actually becomes

ŝ1 = g∗11r11 + g∗21r21 + g12r
∗
12 + g22r

∗
22

=
(
|g11|2 + |g21|2 + |g12|2 + |g22|2

)
s1 + g∗11n11

+ g∗21n21 + g12n
∗
12 + g22n

∗
22. (19)

The noise term still complies with the Gaussian distribution and
has the variance (|g11|2 + |g21|2 + |g12|2 + |g22|2)σ2

n, where
σ2

n is the variance of the additive noise of one symbol at
antenna. Frobenius norm leads to

‖G‖2
F = Tr(GHG) = |g11|2 + |g21|2 + |g12|2 + |g22|2 (20)

where the superscript H represents a Hermitian transpose.
Tr denotes the trace of a matrix. Hence, SNR after the ML
estimator becomes

SNR = ‖G‖2
F

σ2
s

σ2
n

(21)

σ2
s is transmission power of one symbol. SNR loss due to RF

imperfection is defined by SNR without impairment over SNR
with impairment. In this case, SNR loss is given by

SNRloss =
‖H‖2

F σ2
s/σ2

n

‖G‖2
F σ2

s/σ2
n

=
‖H‖2

F

‖G‖2
F

. (22)

If no coupling exists, the channel matrix G will degenerate to
H. Then, SNR loss is 0 dB. According to (18),

‖G‖2
F = ‖H‖2

F

(
|α|2 + |β|2

)
+ 4 (Re (h11h

∗
12)

+ Re (h21h
∗
22)) Re(αβ∗). (23)

Therefore, the closed-form expression of SNR loss due to
transmitter signal coupling can be expressed as

SNRloss =
1

|α|2 + |β|2 +
2Re(h11h∗

12+h21h∗
22)

‖H‖2
F

2Re(αβ∗)
(24)

where 2Re(h11h
∗
12 + h21h

∗
22)/‖H‖2

F is defined as the channel
characteristic value. For some special cases, SNR loss can
reduce to a simpler form. For example, if h11 = h12 = h21 =
h22 = 1 holds as shown in Fig. 3, the SNR loss degenerates to

SNRloss =
1

|α|2 + |β|2 + 2Re(αβ∗)
=

1
|α + β|2 . (25)

Fig. 3. Channel model h11 = h12 = h21 = h22 = 1.

Fig. 4. Channel model h12 = h21 = 0.

As an example, −23-dB coupling (β = −0.07) and 0.35-dB
attenuation (α = −0.96) corresponds to about a 1-dB loss in
SNR. If there are two parallel independent SISO channels,
i.e., h12 = h21 = 0 as shown in Fig. 4, the SNR loss would
degenerate to

SNRloss =
1

|α|2 + |β|2 . (26)

As an example, a 1.11-dB signal strength attenuation and
−20-dB signal coupling to the other RF chain leads to about
1-dB SNR loss. As known from (10), |α|2 + |β|2 represents
total energy minus energy consumed in any resistive coupling.
SNR loss is only caused by energy loss, not by energy coupling
in this case. In general, a MIMO system cares more about how
much energy is leaked regardless of whether it is consumed
in the resistive substrate or coupled to an adjacent chain. If
−20-dB energy coupling is acceptable, the signal isolation
between two chains should be no less than −20 dB. This result
becomes clearer in the SNR plot given in next section.

For QPSK modulation, BER is given by [18]

Q(
√

SNR/2)
⌊
1 +

1
2
Q(

√
SNR/2)

⌋
(27)

where

Q(x) =
1√
2π

∞∫
x

e−t2/2dt, x ≥ 0. (28)

There will be an approximately 10−4 BER increase correspond-
ing to 1-dB SNR loss.

B. Phase Noise Effect

Modern communication systems have adopted a variety of
phase noise tracking algorithms in baseband to compensate the
phase noise impact on SNR degradation. Different algorithms
can improve performance to different extents. Leaving these
baseband algorithms out of the analysis is practical so that a
generic performance lower bound can be derived. If MIMO
radio can meet the lower bound requirement, the real system
performance can only be better when considering advanced
phase noise cancellation algorithms.
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The phase noise of both the transmitter and the receiver
should be simultaneously considered. For the sake of cost re-
duction and carrier synchronization, different RF chains in one
MIMO transceiver usually share one frequency synthesizer. The
only difference is that the routes from the local oscillator (LO)
output to different mixers may have different delays. However,
this time delay can be incorporated into channel coefficients
under fixed carrier frequency ω, which will be estimated and
compensated by the baseband channel estimation. Therefore,
this effect is not considered and the strict synchronization
between LO signal routes is unnecessary as well. Let us assume
at the transmitter side, there is one LO source with frequency ω
and phase noise φ1(t). The MIMO transmission matrix S can
be rewritten as

ej(ωt+φ1(t))

[ ∑
s1ka(t − 2kT ) −

∑
s∗2ka(t − 2kT − T )∑

s2ka(t − 2kT ) −
∑

s∗1ka(t − 2kT − T )

]
(29)

where a(t) is the real shaping filter impulse response; S1k is the
first symbol in the kth Alamouti block; and S2k is the second
symbol where subscript k is time or block index. At the receiver
side, assuming that the carrier frequency is captured and the
LO is locked to ω is reasonable, let φ2(t) be the phase noise
of receiver synthesizer. Defining s1(t) =

∑
s1k · a(t − 2kT )

and s2(t) =
∑

s2k · a(t − 2kT ), the received signal after the
quadrature demodulator is expressed as

ej(φ1(t)−φ2(t))H

[
s1(t) −s∗2(t − T )
s2(t) s∗1(t − T )

]
. (30)

Let φ
Δ= φ1 − φ2 and assume φ2 and φ2 are independent and

identically distributed stochastic processes. (30) can be further
simplified to

ejφ

[
h11s1(t) + h12s2(t) −h11s

∗
2(t − T ) + h12s

∗
1(t − T )

h21s1(t) + h22s2(t) −h21s
∗
2(t − T ) + h22s

∗
1(t − T )

]
.

(31)

After the match filter, the first term of (31) becomes∫
h11e

jφ(t)
∑

s1ka(t − 2kT )a∗(t − 2nT )dt

+
∫

h12e
jφ(t)

∑
s2ka(t − 2kT )a∗(t − 2nT )dt

= (h11s1n + h12s2n)
∫

ejφ(t) |a(t − 2nT )|2 dt. (32)

Again according to (15), the above formula equals to

≈ (h11s1n + h12s2n)ejφ(2nT )

∫
|a(t − 2nT )|2 dt

= (h11s1n + h12s2n)ejφ(2nT ). (33)

A similar process is applied to the other three elements of
(31). If we define ejφn = ejφ(2nT ) ≈ ejφ(2nT+T ), the received
signal matrix after match filter is

ejφn

[
h11s1n + h12s2n −h11s

∗
2n + h12s

∗
1n

h21s1n + h22s2n −h21s
∗
2n + h22s

∗
1n

]
. (34)

From (5), the ML estimation of s1n leads to

ŝ1n = ‖H‖2
F s1n +

[(
|h11|2 + |h21|2

)
(ejφn − 1)

+
(
|h12|2 + |h22|2

)
(e−jφn − 1)

]
s1n

+ (h12h
∗
11 + h22h

∗
21) (ejφn − e−jφn)s2n. (35)

From (14), a simplification can be made as

ejφn ≈ 1 + jφn. (36)

As a result, (35) reduces to

ŝ1n = ‖H‖2
F s1n +

(
|h11|2 + |h21|2 − |h12|2 − |h22|2

)
jφns1n

+ 2 (h∗
11h12 + h∗

21h22) jφns2n. (37)

Similar to the previous discussion on coupling effect, the
additive noise, whose power is ‖H‖2

F σ2
n, should be included.

Frequency down conversion in the receiver does not change the
probability distribution and correlation of additive noise. Under
the condition of PSK modulation, all possible constellations
of a symbol have constant amplitude, thus D(ϕs) = D(ϕ)|s|2,
where D denotes variance. The second term in (37) is actually
uncorrelated to signal s1n with variance (|h11|2 + |h21|2 +
|h12|2 + |h22|2)σ2

sσ2
φ, where σ2

φ = D(φ). The third term in
(37) has a variance of 4|h∗

11h12 + h∗
21h22|2σ2

sσ2
φ. The two

terms are also uncorrelated to each other and have zero mean
values. Thus, total energy of interference is{(

|h11|2 + |h21|2 − |h12|2 − |h22|2
)2

+ 4 |h12h
∗
11 + h22h

∗
21|2

}
σ2

sσ2
φ + ‖H‖2

F σ2
n. (38)

The SNR loss due to phase noise in a 2 × 2 Alamouti STBC is
given by (39), shown at the bottom of the page.

Obviously, if phase noise power is zero, SNR loss is 0 dB.
If additive noise is large, SNR loss due to phase noise will be
small. The same thing happens to SISO channels. As known,
SNR loss depends not only on phase noise power but also
on signal power. Larger signal power also causes larger error
vector magnitude under the same phase rotation. Equation (39)
confirms this property.

The two interference terms in (37) do not comply with
Gaussian distribution and the performance degradation caused
by phase noise naturally cannot be calculated analytically using
(27). Instead, Monte Carlo simulation will be used to evaluate

SNRloss = 1 +

{(
|h11|2 + |h21|2 − |h12|2 − |h22|2

)2 + 4 |h12h
∗
11 + h22h

∗
21|2

}
σ2

sσ2
φ

‖H‖2
F σ2

n

(39)
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the BER performance and demonstrate the validity of (39).
But an interesting observation is that when h12 = h21 = 0 and
|h11| = h22|, or vice versa, which implies no link is established
between different antenna indices or same indices, there is no
performance degradation regardless of the phase noise power
(if only |ϕn| � 1). The reason is that the second independent
antenna provides diversity (another copy of phase noise) to
cancel the phase noise effect of the first antenna. However, this
does not hold for all channel conditions.

Although direct application of (27) is impossible, there is an-
other numerical solution of the BER calculation. First, assume
s1n = (1 + j)σs/

√
2 is transmitted (QPSK modulation), which

means the constellation is in the first quadrant and phase noise
φn is a normal distribution which is a good approximation to
real situations. Hence, the second and third term interferences
in (37) are both a normal distribution with zero mean values
under the condition that s2n is also specified. Defining

A = Re

{(
|h11|2 + |h21|2 − |h12|2 − |h22|2

)
j
1 + j√

2
σs

+ 2 (h∗
11h12 + h∗

21h22) js2n

}

B = Im

{(
|h11|2 + |h21|2 − |h12|2 − |h22|2

)
j
1 + j√

2
σs

+ 2 (h∗
11h12 + h∗

21h22) js2n

}
. (40)

Because the sum of normal distributed variables is still nor-
mally distributed, the vector of the real part and the imaginary
part of the interference plus additive noise has a covariance
matrix expressed as

C =
[

A2 AB
BA B2

]
σ2

φ +
[
‖H‖2

F σ2
n 0

0 ‖H‖2
F σ2

n

]

=
[

A2σ2
φ + ‖H‖2

F σ2
n ABσ2

φ

BAσ2
φ B2σ2

φ + ‖H‖2
F σ2

n

]
. (41)

The distribution of ŝ1n is given by

f
s1n=

(1+j)σs√
2

,s2n
(x, y)

=

exp

{
− 1

2

[
x−‖H‖2

F σs/
√

2
y−‖H‖2

F σs/
√

2

]T

C−1

[
x−‖H‖2

F σs/
√

2
y−‖H‖2

F σs/
√

2

]}

2π|C|1/2

(42)

where x and y are the real and the imaginary part of ŝ1n,
respectively. Thus, the probability of correct decision is

Pc =
∫∫

first quadrant

f
s1n=

(1+j)σs√
2

,s2n
(x, y) dx dy. (43)

The error probability is 1 − Pc. So, the error probability
when s1n = (1 + j)σs/

√
2 is the expectation value of 1 − Pc

respective to s2n

Pe =
1
4

3∑
i=0

(1 − Pc)|s2n=si
(44)

where si is one of four possible QPSK symbols. Due to the
symmetrical property of QPSK modulation, the average symbol
error rate equals to that of s1n = (1 + j)σs/

√
2. The BER is

nearly half of Pe because of Gray encoding.

C. Gain Imbalance Effect

Define G = BHA =
[

a1b1h11 a2b1h12

a1b2h21 a2b2h22

]
. After some

straightforward calculation

‖G‖2
F = |a1|2|b1|2

(
|h11|2 − |h12|2 − |h21|2 + |h22|2

)
+ 2|a1|2

(
|h21|2 − |h22|2

)
+ 2|b1|2

(
|h12|2 − |h22|2

)
+ 4|h22|2. (45)

Because the additive noise is also influenced by receiver gain
imbalance, the variance of noise after ML estimator is given by(

|g11b1|2+|g21b2|2+|g12b1|2+|g22b2|2
)
σ2

n

=
{
|b1|4

[
|a1|2

(
|h11|2+|h21|2

)
+|a2|2

(
|h12|2+|h22|2

)]
+ 4

(
1−|b1|2

) (
|a1|2|h12|2+|a2|2|h22|2

)}
σ2

n. (46)

The signal power is the same as previous discussion, i.e.,
‖G‖4

F σ2
s . Thus, SNR after ML estimator becomes

SNR = σ2
s‖G‖4

F

/
{
|b1|4

[
|a1|2

(
|h11|2 + |h21|2

)
+ |a2|2

(
|h12|2 + |h22|2

)]
+ 4

(
1 − |b1|2

)
×

(
|a1|2|h12|2 + |a2|2|h22|2

)}
σ2

n. (47)

SNR loss, which is defined as SNR of imbalanced gain over
SNR of balanced gain, is

SNRloss =
{
|b1|4

[
|a1|2

(
|h11|2 + |h21|2

)
+ |a2|2

(
|h12|2 + |h22|2

)]
+ 4

(
1 − |b1|2

) (
|a1|2|h12|2 + |a2|2|h22|2

)}
× ‖H‖2

F

‖G‖4
F

. (48)

Notice that SNR loss is independent of SNR. For some special
cases such as channel |h11| = |h12| = |h21| = |h22| = 1, the
SNR loss can be simplified to (|b1|2 − 1)2 + 1, which indi-
cates that the performance degradation does not depend on the
transmitter’s gain imbalance. Furthermore, maximum SNR loss
is 3 dB. When |b1| = 0.7 or |b1| = 1.23 (4.88-dB gain imbal-
ance), there is 1-dB SNR loss and 10−4 BER increase, respec-
tively, for QPSK modulation. For channel |h12| = |h21| = 0
and |h11| = |h22| = 1

SNRloss =
2
[
1 +

(
|a1|2 − 1

) (
|b1|2 − 1

)]
− |b1|2|b2|2

[1 + (|a1|2 − 1) (|b1|2 − 1)]2
. (49)
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Thus, in this case if the receiver has balanced gain, SNR loss
will not occur regardless of transmitter imbalance. Both cases
imply that gain balance of receivers, not transmitters, is more
important for good performance, which is reasonable because
receiver gain imbalance will magnify the additive noise.

IV. SIMULATION RESULTS

In the previous section, the closed-form analysis of perfor-
mance based on equivalent SNR loss measurement is presented.
In this section, these results will be verified by a Monte Carlo
simulation. Although all results were derived independently
from channel types, it is necessary to choose a few typical chan-
nel types for the Monte Carlo simulation. BER performance is
adopted as the criterion. QPSK is the modulation method in
simulation while analytical results are modulation independent.
Performance is calculated based on different Eb/N0 conditions,
which represent energy of one bit over single sideband PSD
of white additive noise. Furthermore, the analytical expression
of SNR loss under different RF impairments conditions is
plotted for the purpose of visualization and comparison with
Monte Carlo simulations. The arithmetic average of SNR loss
respective to channel H is evaluated to approach the statistical
average. Channel H follows the normal distribution and inde-
pendent fading.

A. Signal Coupling Effect

Fig. 5 illustrates a 3-D diagram of SNR loss due to the
signal coupling at the transmitter side. The two parameters
which SNR loss depends on are 1 − |α|2 and |β|2. α and β are
both real numbers. Parameter 1 − |α|2 ranges from −30 dB to
−20 dB, and parameter |β|2 varies from −60 dB to −40 dB.
The corresponding contour is also presented in Fig. 5. The
results show that in the simulated region, coupling coeffi-
cient |β|2 has ignorable impact on the performance loss. All
degradations are dominated by 1 − |α|2 as stated before. But
when |β|2 increases further with the constant power absorption
coefficient |α|2, the larger coupling coefficient |β|2 leads to less
performance degradation. It implies that if power mismatch is
constant, energy cross-coupling to the adjacent branch is better
than energy consumption in the resistive substrate. Energy
loss cannot be recovered by MIMO STBC code. As shown in
Fig. 5, when power mismatch 1 − |α|2 is less than −20 dB, the
SNR loss is less than 0.04 dB, which is negligible. This gives
an upper bound about MIMO system tolerance to the signal
coupling.

Equation (25) predicts that if there is −23 dB signal cou-
pling (β = −0.07) and −11 dB power mismatch (α = 0.96),
the SNR loss will be about 1 dB. This channel situation is
simulated by the Monte Carlo method and presented in Fig. 6.
Fig. 6 clearly shows that there is 1-dB SNR loss between the
two curves, which exactly matches the theoretical analysis.
Another situation, where channel coefficients h12 = h21 = 0
and h11 = h22 = 1 and α = 0.88 (−6.5 dB power mismatch)
and β = −0.1 (−20 dB cross-talking), is simulated. The per-
formance loss is anticipated to be 1 dB too and is shown in
Fig. 7. Furthermore, what is most interesting is the limit of

Fig. 5. 3-D diagram and 2-D contour of SNR loss from the signal coupling in
transmitter.

Fig. 6. BER loss from signal coupling in channel h11 = h22 = h12 =
h21 = 1.

coupling which the system can tolerate. For this purpose, the RF
chain coupling effect with α = 0.99 (−17-dB power mismatch)
and β = −0.01 (−40-dB coupling coefficient) is simulated.
In the channel environment h11 = h12 = h21 = h22 = 1, BER
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Fig. 7. BER loss from signal coupling in channel h11 = h22 = 1, h12 =
h21 = 0.

Fig. 8. BER loss from signal coupling in channel h11 = h22 = h12 =
h21 = 1.

performance is shown in Fig. 8. The performance difference
is about 0.1 dB. The channel environment h12 = h21 = 0 and
h11 = h22 = 1 is simulated and shown in Fig. 9, and the
performance loss is even less than 0.1 dB. Therefore, power
mismatch less than −17 dB is the reasonable requirement for
negligible performance degradation of QPSK modulation. For
higher order modulation schemes, e.g., QAM, the requirement
will become more restrictive accordingly. In general, −20-dB
power mismatch gives acceptable performance. This result
agrees with the analysis from Fig. 5 and the conclusion from
[12], which requires 20-dB isolation for negligible MIMO
performance degradation.

B. Phase Noise Effect

Fig. 10 illustrates a 3-D diagram of SNR loss due to the
phase noise at both transmitter and receiver sides. The two
parameters which the SNR loss depends on are SNR σ2

s/σ2
n

displayed in decibel units and one side (receiver or transmitter)
phase noise root mean square (RMS) value σφ/

√
2 in degree

Fig. 9. BER loss from signal coupling in channel h11 = h22 = 1, h12 =
h21 = 0.

Fig. 10. 3-D diagram and 2-D contour of SNR loss from phase noise.
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Fig. 11. BER loss from phase noise in channel h11 = h22 = 1, h12 =
h21 = 0.

Fig. 12. BER loss from phase noise in channel h11 = h22 = 0, h12 =
h21 = 1.

units. The corresponding contour is presented in Fig. 10. In the
region calculated (phase noise less than two degree), SNR loss
is smaller than 0.1 dB, small enough to be neglected.

Figs. 11 and 12 show the Monte Carlo simulation results
of channel environments h12 = h21 = 0, h11 = h22 = 1 and
h12 = h21 = 1, h11 = h22 = 0, respectively. The simulation
uses phase noise with Gaussian distribution amplitude. A
0.05-radian RMS value at both transmitter and receiver sides
is assumed; thus, noise power is 0.0025 and σ2

φ = 0.005. There
is almost no performance degradation and this is the situation
predicted by theoretical analysis. Notice that this phenomenon
is not caused by small phase noise power but by the specific
channel condition and MIMO diversity; therefore, a MIMO
system is more robust to phase noise than a SISO system.
When the channel environment changes, performance degra-
dation will emerge as shown in Fig. 13 where h11 = h12 =
h21 = h22 = 1. In this figure, the SNR loss is proportional
to signal SNR itself. Due to 0.05-radian RMS value phase
noise, there is 0.25-dB SNR loss around BER = 10−4 region.
When SNR goes higher, performance loss also becomes higher,

Fig. 13. BER loss from phase noise in channel h11 = h22 = h12 = h21 = 1.

Fig. 14. BER loss from phase noise in channel h11 = h22 = h12 = h21 = 1.

even more than 0.5 dB at the high SNR end. As for the
requirement of phase noise tolerance, the exact result should be
obtained by numerical evaluation of (44), but the Monte Carlo
simulation can give the approximate value. In Fig. 14, BER
performance is simulated with 1-degree phase noise RMS value
(0.0175 radian). Performance degradation is ignorable.

The simulations given above set the upper limit of phase
noise impact on MIMO system performance. Actually, in mod-
ern communication systems, many phase noise cancellation
techniques are employed to reduce noise impact which de-
grades the performance.

C. Gain Imbalance Effect

Fig. 15 illustrates a 3-D diagram of SNR loss due to gain
imbalance at both transmitter side and receiver side. The two
parameters which SNR loss depends on are the gain imbalances
of the transmitter |a1|2/(2 − |a1|2) and the receiver |b1|2/(2 −
|b1|2). The corresponding contour is also provided in Fig. 15.
The figures demonstrate that SNR loss is not symmetrical
around the center point |a1|2 = |a2|2 = 1 or |b1|2 = |b2|2 = 1,
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Fig. 15. 3-D diagram and 2-D contour of SNR loss from transceiver gain
imbalance.

but it does have 0-dB SNR loss at |a1|2 = |a2|2 = 1 and |b1|2 =
|b2|2 = 1. Furthermore, observe that SNR loss is more sensitive
to the receiver gain imbalance |b1|2 than to the transmitter gain
imbalance |a1|2 because the receiver gain imbalance affects
additive noise. From Fig. 15, if 0.1-dB SNR loss or less is
the design requirement, the receiver gain imbalance should be
kept within ±1 dB and the transmitter gain imbalance should
be within ±1.5 dB.

The analytical results of RF chains’ gain imbalance are also
verified by BER simulation. First, the channel environment
h11 = h12 = h21 = h22 = 1 with b1 = 0.7 and a1 = 0 was
simulated and BER was plotted in Fig. 16. Despite the total
imbalance in the transmitter, the performance loss is mild and
stays at 1 dB. This result agrees with the previous analysis.
Another channel environment h12 = h21 = 0 and h11 = h22 =
1 was simulated with b1 = 0.7 and a1 = 1 (no transmitter gain
imbalance) and presented in Fig. 17. The curve matches the
theoretical prediction exactly and exhibits 1-dB SNR loss.

V. CONCLUSION

In this paper, the MIMO RFIC imperfections including signal
coupling, phase noise, and gain imbalance among different RF

Fig. 16. BER loss from gain imbalance in channel h11 = h22 = h12 =
h21 = 1.

Fig. 17. BER loss from gain imbalance in channel h11 = h22 = 1, h12 =
h21 = 0.

paths are investigated. The rigorous analytical expressions of
performance degradation are derived. Results presented can
be directly used as a basic reference for RFIC designers to
evaluate design specifications. It is shown that a MIMO system
has some interesting responses to RF impairments which do
not happen in SISO environment. Monte Carlo simulation is
the part of this paper’s work which generates well-matched
results with theoretical analysis. In the analyzed scenario, less
than −20-dB transmitter power mismatch leads to negligible
performance loss. That means more than −20-dB coupling
isolation is required. For the phase noise, less than two-degree
RMS value guarantees no more than 0.1-dB SNR loss. In order
to neglect the performance loss caused by RF chains’ gain
imbalances, the imbalance of the transmitter and the receiver
has to be kept under 1 dB. Investigation of RF impairments has
significant meanings for improving the performance factors of
wireless communication systems such as throughput, BER, and
quality of service in cell phone, WLAN, and wireless sensor
applications [19]–[23], particularly in continuously varying
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environments [24]. Other RF impairments which were not cov-
ered by this paper include power amplifier nonlinear distortion
[25], whose impact on MIMO system performance will be
explored in future research.

APPENDIX

According to the Wiener–Khintchine theorem

Eφ(t)φ(t + T ) =

∞∫
−∞

P (ω)ejωT df (50)

where P (ω) is the power spectral density of phase noise. When
PSD falls below −100 dBc/Hz for example at 10 kHz, the
energy outside 10 kHz (the main lobe) can be skipped (100 dB
equals to 1010). So

Eφ(t)φ(t + T ) ≈
10 k∫

−10 k

P (ω)ejωT df. (51)

Assume T = 1 μs (which indicate 1 Msps, a conservative trans-
mission rate compared to modern communication systems).
Within the main lobe, we have

ωT ≤ π/50. (52)

Because of

ej π
50 ≈ 0.998 + 0.0628j ≈ 1 (53)

equation (51) becomes

Eφ(t)φ(t + T ) ≈
10 k∫

−10 k

P (ω) df. (54)

Again omit the energy outside of main lobe

Eφ(t)φ(t + T ) ≈
∞∫

−∞

P (ω)df = σ2
φ. (55)

Thus, (15) holds.
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