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scenario, the average INR of every CCI signal that impacts the (1,
2)th and the (2, 2)th hops, i.e., γ̄I1,2 and γ̄2,2, respectively, is equal
to INR2 = 0.005ET /N0. In the second scenario, γ̄I1,1 and γ̄I2,1 are
equal to INR3 = 0.006ET /N0, whereas γ̄I1,2 and γ̄2,2 are equal to
INR4 = 0.002ET /N0. As observed, the adaptive power-allocation
algorithm outperforms the equal-power-allocation scheme. Moreover,
the optimal power solution has a very little impact on the system
error performance in the low ET /N0 range. This is because of the
fact that, in the low ET /N0 range, AWGN is the most dominant
factor on performance. Furthermore, at high ET /N0, the error floor
in schemes with adaptive power allocation decreases significantly
compared with the case with equal power allocation. It is also attested
that, as the average INR value decreases, i.e., γ̄I1,1 and γ̄I2,1 decrease
from INR1 = 0.015ET /N0 to INR3 = 0.006ET /N0 and γ̄I1,2 and
γ̄2,2 decrease from INR2 = 0.005ET /N0 to INR4 = 0.002ET /N0,
the performance of both the adaptive power allocation and the equal-
power scheme is improved, as compared with the performance in the
interference-free case.

VI. CONCLUSION

The effect of CCI on the performance of multihop multibranch
wireless systems with the AF relaying technique has been studied in
this paper. We assumed that the desired signal and all the interfering
signals are subject to independent Rayleigh fading. All the interfering
signals were presumed to take arbitrary INR values. We obtained exact
and upper bound expressions for the end-to-end SINR. Following that,
a lower bound on the outage probability was derived in closed form. In
addition, we derived approximate expressions for the error and outage
probabilities. The analysis is valid for arbitrary numbers of branches,
hops, and interferers, and for different average INR values. Finally,
aiming at optimizing the system performance in terms of minimizing
the error probability, we investigated adaptive power allocation at the
source node and all the relays. Correspondingly, we derived closed-
form expressions for the energy values of the nodes. Our results
verified that, by applying the energy values obtained through the
optimization process, the performance of the system can improve
significantly. Such optimization is indeed very important for the de-
ployment of relaying networks in practical environments with CCI.
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Abstract—Low-cost orthogonal frequency-division multiplexing (OFDM)
direct-conversion transceivers suffer from signal degradation through the
impairments of the analog front end, e.g., due to in-phase and quadrature
(IQ) imbalance, phase noise, and nonlinear power amplifier (PA) effects.
This paper analyzes joint performance degradation due to these key
transmitter imperfections. Error vector magnitude (EVM) is chosen as the
figure of merit, which is motivated by its frequent use in the standards for
specifying transmitter requirements. In particular, we derive closed-form
EVM expressions for the challenging problem of wideband OFDM
transmitter design and validate the analysis through simulations. Based on
the study, it is possible to conclude that EVM is governed by the memory
effects associated with the PA and the reciprocal of the image rejection
ratio (IRR), which is defined by the IQ modulator. We also demonstrated
that intercarrier interference (ICI) due to the local oscillator phase noise
shows an approximately frequency-flat response.
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I. INTRODUCTION

The design of compact and low-cost user terminals for future
wireless systems is a very difficult problem, because the require-
ments of flexibility and reconfigurability prevent the use of dedicated
hardware, which is designed and optimized for one particular ap-
plication. It is necessary to satisfy the strict constraints on the size
and cost of the individual radios [1]. Emerging communication tech-
nologies require high spectral efficiency and robustness against time-
dispersive channels. For this reason, orthogonal frequency-division
multiplexing (OFDM) has been adopted in the majority of wireless
communication standards [2]. Despite several advantages, OFDM is
sensitive to different system distortion sources associated with the
radio-frequency (RF) front end. Feasible low-cost technologies are
employed to keep the cost and size of mass-market implementa-
tions low. However, the use of low-cost components creates several
imperfections/impairments that degrade system performance, e.g.,
power amplifiers (PAs) with nonlinear response [3], inaccurate local
oscillators (LOs) [4], and mismatches in the I and Q branches of direct-
conversion transceivers [5].

The degradation that each RF impairment introduces on the system
performance can be quantified by studying the error vector magni-
tude (EVM), which provides adequate information regarding in-band
distortion generated by each transceiver block and is widely adopted
in communication standards [2], [6]. It is customary to specify the
maximum allowable EVM value as a function of constellation size
and code rate. Several performance figures related to different RF im-
pairments have been addressed in earlier works, where the individual
effects of each imperfection are considered. Analytical results for IQ
imbalance and nonlinear distortion (NLD) at the transmitter front end
are obtained in [7] for narrow-band (frequency-independent) systems.
EVM expressions for IQ imbalance and phase noise are derived for
single-carrier systems in [8] and OFDM systems in [9]. Performance
degradation due to nonlinear PA distortion is investigated in [10].
System performance degradation due to phase noise is addressed
in [4] and [11]. In addition, the effects of carrier frequency offset
and phase noise in single- and multicarrier systems are evaluated in
[12]. Simulation results for a single-carrier long term evolution (LTE)
transceiver considering nonlinear PA, IQ imbalance, and phase noise
are presented in [13].

On the other hand, the impact of phase noise, IQ imbalance, and
nonlinearities in multiple-antenna OFDM systems is presented in
[14]. In this paper, only simulation results are reported, and memory
effects are not contemplated. A closed-form expression of the effective
signal-to-interference ratio for a multiantenna OFDM system affected
by frequency-selective IQ imbalance is derived in [15]. The effects
of phase noise and nonlinear amplification are not included in this
analysis.

In this paper, we derive closed-form EVM expressions for a wire-
less OFDM transmitter considering the following RF impairments:
transmitter IQ imbalance, nonlinear PA distortion, and phase noise
introduced by the LO. To the best of our knowledge, there are no
contributions addressing analytical expressions for EVM combining
all these effects. Furthermore, the more challenging problem of im-
pairment effects in broadband systems is considered in our analysis,
which require frequency-dependent models.

This paper is outlined as follows: In Section II, a brief discussion
of the OFDM transmitter and the main RF front-end impairments
considered is presented. The EVM is evaluated in Section III con-
sidering the joint effects of transmitter IQ imbalance, nonlinear PA
distortion, and LO phase noise. Numerical examples are presented in
Section IV to illustrate the accuracy of the closed-form expressions.
Finally, conclusions are presented in Section V.

II. ORTHOGONAL FREQUENCY-DIVISION MULTIPLEXING

TRANSMITTER WITH IMPERFECTIONS

A typical OFDM transmitter has two essential blocks: a digital block
that operates at baseband frequency and an RF front-end block that
operates at RF. These two blocks are interfaced by digital-to-analog
converters (DACs). Several impairments of the RF front end affect the
OFDM system performance. In our analysis, we consider the effects
of transmitter IQ imbalance, phase noise, and nonlinear PA distortion.
The DAC resolution is chosen to provide sufficient dynamic range such
that distortion due to quantization and clipping is negligible.

The OFDM system under consideration has N subcarriers. Let
X[k] ∈ C denote the modulated data symbol associated with sub-
carrier k. The time-domain OFDM symbols {x[n]}N−1

n=0 are ob-
tained via the inverse discrete Fourier transform (IDFT), i.e.,
x[n] = (1/

√
N)
∑N−1

k=0
X[k]ej(2π/N)kn, n = 0, 1, . . . , N − 1. After

the IDFT, a cyclic prefix is added to the transmitted block {x[n]}N−1
n=0 .

The OFDM signal is converted into a continuous-time (complex)
baseband signal, i.e., x(t), with in-phase (I) and quadrature (Q)
components xi(t) and xq(t). These component signals are filtered
by low-pass filters, i.e., hi(t) and hq(t), that model the cascade of
DACs and the analog filters employed to eliminate Nyquist images
and noise. Impulse responses hi(t) and hq(t) are, in general, different,
creating frequency-dependent IQ mismatch. IQ components at the
low-pass filters’ output (continuous-time baseband signals) are directly
modulated to RF using two carrier signals of frequency fc from
the LO that are ideally orthogonal. However, considering practical
implementations and in addition to phase noise effects [17], LO signals
present phase and amplitude imbalance between the IQ branches [16].

The continuous-time passband signal can be written as

x̃rf(t) = (xi(t)⊗ hi(t)) ci(t)− (xq(t)⊗ hq(t)) cq(t) (1)

where ⊗ denotes convolution, and the IQ carrier signals, including IQ
mismatch and LO phase noise, are given by

ci(t) = cos (2πfct+ φ(t))

cq(t) =β sin (2πfct+ θ + φ(t)) (2)

where θ and β are, respectively, the phase and amplitude imbalance
between IQ branches, and φ(t) represents phase noise. By replacing
(3) in (1)

x̃rf(t) = (xi(t)⊗ hi(t)) cos (2πfct+ φ(t))

− (xq(t)⊗ hq(t))β sin (2πfct+ θ + φ(t)) . (3)

Using sin(A+B) = sin(A) cos(B) + sin(B) cos(A) and Euler’s
theorem

x̃rf(t)= (xi(t)⊗ hi(t)) cos (2πfct+ φ(t))−(xq(t)⊗ hq(t))

× β [sin (2πfct+ φ(t)) cos(θ)

+ sin(θ) cos (2πfct+ φ(t))]

=

(
xi(t)⊗ hi(t)− (xq(t)⊗ hq(t))β

ejθ − e−jθ

2j

)

× ej(2πfct+φ(t)) + e−j(2πfct+φ(t))

2

−
(
(xq(t)⊗ hq(t))β

ejθ + e−jθ

2

)

× ej(2πfct+φ(t)) − e−j(2πfct+φ(t))

2j
.



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 62, NO. 7, SEPTEMBER 2013 3445

By defining

g1(t) =
1
2

(
hi(t) + βejθhq(t)

)
g2(t) =

1
2

(
hi(t)− βejθhq(t)

)
(4)

and using xi(t)=(x(t)+x∗(t))/2 and xi(t)=(x(t)−x∗(t))/2, the
real passband signal at the output of the modulator can be expressed as

x̃rf(t) = (g1(t)⊗ x(t) + g2(t)⊗ x∗(t))
ej(2πfct+φ(t))

2

+ (g1(t)⊗ x(t) + g2(t)⊗ x∗(t))∗
e−j(2πfct+φ(t))

2

=�
{
(g1(t)⊗ x(t) + g2(t)⊗ x∗(t)) ej(φ(t)+2πfct)

}
(5)

where (·)∗ denotes complex conjugation. The baseband equivalent at
the output of the mixer with IQ imbalance and phase noise is then

xrf(t) = (g1(t)⊗ x(t) + g2(t)⊗ x∗(t)) ejφ(t). (6)

After upconversion, the signal is amplified by a broadband PA
with input–output model p(·). The signal at the PA output is then
expressed by

xtx(t) = p (xrf(t))

= p
(
(g1(t)⊗ x(t) + g2(t)⊗ x∗(t)) ejφ(t)

)
. (7)

Finally, at the receiver side, the signal is downconverted, filtered,
and sampled to recover the original symbols. Assuming an ideal
demodulator, the signal is sampled at period T , which gives xtx[n] =
xtx(nT ) = p(xrf [n]).

In this paper, the PA is modeled as a Wiener structure [18], which is
a frequently employed model formed by linear filter hpa[n] followed
by static nonlinearity g(·). The discrete-time baseband PA output
signal can be written as

xtx[n] = g (xrf [n]⊗ hpa[n])

=KL (xrf [n]⊗ hpa[n]) + d[n]

=KL

(
(g1[n]⊗ x[n] + g2[n]⊗ x∗[n]) ejφ[n]

)
⊗ hpa[n] + d[n] (8)

where we use the extended version of Bussgang’s theorem [19] to
represent the effects of NLD as a sum of two uncorrelated components.
The first term is just a scaled version of the filtered input signal
(KL ≤ 1), whereas d[n] is an additive distortion term. In the last
expression, φ[n] = φ(nTs/N) represents the nth sample of the phase
noise value within the OFDM symbol.

The equivalent frequency-domain baseband signal at subcarrier k is
obtained by applying the discrete Fourier transform (DFT) to (9), i.e.,

Xtx[k] = KL

((
G1[k]X[k] +G2[k]X

#[k]
)
⊗ Φ[k]

)
× Hpa[k] +D[k] (9)

where X#[k] = X∗[N − k] represents the mirrored OFDM sym-
bol [5] obtained from the frequency-domain representation of x[n]
and x∗[n] N × 1 vectors. Mirror signal attenuation can be quan-
tified by the image rejection ratio (IRR) defined by IRR[k] =
10 log10((|G1[k]|2/|G2[k]|2)) [15]. The IRR represents degradation
due to the upconverter block (including phase and amplitude imbal-
ance of the IQ modulator and impulse response mismatch). In the case

of perfectly balanced signals, i.e., G2[k] = 0, the IRR tends to ∞,
given an infinite attenuation of the image signal.

The frequency-domain representation of the phase noise process is
given by

Φ[k] =
1
N

N−1∑
m=0

ejφm[n]e−j 2π
N

km. (10)

The demodulated signal can be expressed as

Xtx[k] = KL

(
N−1∑
l=0

G1[l]X[l]Φ[k − l]

+

N−1∑
l=0

G2[l]X
∗[N − l]Φ[k − l]

)
Hpa[k] +D[k] (11)

where Hpa[k] represents the frequency response at subcarrier k of
linear filter hpa[n] associated with the Wiener PA model. The phase
noise effects can be separated into a common phase error (CPE) term
and an intercarrier interference (ICI) term [4]. Equation (11) can now
be written as

Xtx[k] = H ′
pa[k] (G1[k]Φ[0]X[k] + Γ[k]G1[k]

+ G2[k]X
#[k]Φ[0] + Γ#[k]G2[k]

)
+D[k] (12)

where H ′
pa[k] = KLHpa[k], Φ[0] is the CPE term, and Γ[k] =∑N−1

l=0,l �=k
X[l]Φ[k − l] and Γ#[k] = Γ∗[N − k] represent the ICI

at subcarrier k arising from neighboring and mirrored subcarriers,
respectively.

III. ERROR VECTOR MAGNITUDE ANALYSIS

Here, we derive a closed-form expression of the resulting EVM of
a wideband OFDM transmitter subject to RF impairments. The EVM
at subcarrier k, i.e., ξ[k], is expressed using a normalized difference
between the original constellation points, i.e., X[k], and the recovered
signal affected by system imperfections, as defined by [20]

ξ[k] =

√
E
[
|e[k]|2

]
E
[
|X[k]|2

] (13)

where E[·] denotes the expectation. The effective signal-to-noise ratio
(SNReff) is another useful figure of merit and is related to EVM as
ξ[k] = SNReff [k]

−1/2.
Error signal e[k] is defined as the difference between the original

signal and the received signal after downconversion and zero-forcing
equalization of the impairments. That is, we have

e[k] = X[k]− Xtx[k]

Zeq[k]
(14)

where Xtx[k] is given in (12), and Zeq[k] is the zero-forcing equalizer
coefficient at subcarrier k. We assume that the equalizer coefficient
is obtained using a channel estimation technique that estimates the
multiplication of the CPE term, Φ[0] and IQ modulator and PA filters,
H ′

pa[k]G1[k] of each OFDM symbol by using a set of transmitted
pilots. Signal Xtx[k] can be written as

Xtx[k] = H ′
pa[k]G1[k]Φ[0]X[k] + ς[k] (15)
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where ς[k] is the total system noise that includes PA distortion, ICI,
and interference from mirror subcarriers. Assuming a perfect estimate
of the cascade H ′

pa[k]G1[k]Φ[0], the equalizer estimates for a set of
known pilot symbols is given by Zeq[k] = H ′

pa[k]G1[k]Φ[0], and the
error signal after equalization can be written as

e[k]=X[k]−Xtx[k]

Zeq[k]

=
Γ[k]

Φ[0]
+
G2[k]X

#[k]

G1[k]
+
Γ#[k]G2[k]

G1[k]Φ[0]
+

D[k]

H ′
pa[k]G1[k]Φ[0]

. (16)

Then, the mean-square-error signal can be written as

E
[
|e[k]|2

]
=E

[
|Φ[0]|−2

]
×
(
E
[
|Γ[k]|2

]
+

|G2[k]|2

|G1[k]|2
E
[∣∣Γ#[k]

∣∣2]

+
E
[
|D[k]|2

]
∣∣H ′

pa[k]
∣∣2 |G1[k]|2

)

+
|G2[k]|2

|G1[k]|2
E
[∣∣X#[k]

∣∣2]

≈
(
σ2
γ [k] +

|G2[k]|2

|G1[k]|2
σ2
γ [N − k]

+
σ2
D[k]∣∣H ′

pa[k]
∣∣2 |G1[k]|2

)

+
|G2[k]|2

|G1[k]|2
σ2
x (17)

where σ2
γ [k] = E[|Γ[k]|2], σ2

γ [N − k] = σ#2

γ [k] = E[|Γ#[k]|2], and
σ2
D[k] = E[|D[k]|2]. Note that in our analysis, it is assumed that each

subcarrier is modulated with identical constellation size, and no power
loading is implemented. In this case, σ2

x = σ#2

x = E[|X#[k]|2]. The
approximation in (17) originates from the assumption that Φ[0] ≈ ejφ0

and, as a consequence, E[|Φ[0]|−2] ≈ 1. A more accurate value of
E[|Φ[0]|−2] can be calculated in terms of the moments of the total
ICI power. By Parseval’s theorem, we have

∑N

l=0
|Φ[l]|2 = 1, and

the term |Φ[0]|2 can be calculated by exploiting a series expansion
of the relation |Φ[0]|2 = 1 −

∑N

l=1
|Φ[l]|2. The moments of the total

ICI power, for both free-running and PLL-type oscillators, may be
evaluated using the results in [21] and [22].

Finally, replacing (17) in (13), the EVM at the kth subcarrier is given
by (18), shown at the bottom of the page.

From (18), we can make the following general observations.

• In the case of reduced IQ imbalance (β≈1, θ=0, and hi=hq),
(|G2[k]|2/|G1[k]|2) ≈ 0 or frequency-independent IQ imbal-
ance (hi = hq), the shape of the EVM curve is governed by the
NLD whose frequency dependence is defined by the PA memory.

• For large backoff values, the PA-induced NLD will be small, i.e.,
σ2
D[k] ≈ 0, and the shape of the EVM curve is defined by the

reciprocal of the IRR.

• When the ICI is the dominant impairment, the EVM curve will
be frequency flat.

In the following section, we will validate the accuracy of (18)
through extensive simulations. For this purpose, we first need to know
model-specific parameters σ2

γ [k] and σ2
D[k].

A. Calculation of σ2
γ [k]

The phase-noise-induced ICI power σ2
γ [k] depends on the band-

width of the phase noise process and the subcarrier spacing Bs =
1/(NTs) [23]. Assuming knowledge of the power spectral density
(PSD) of the phase noise process, i.e., S(f), the ICI power can be
expressed as [24]

σ2
γ [k] = σ2

x

∞∫
−∞

N∑
n=0
n �=k

sinc2(f/Bs + k − n)S(f)df. (19)

Under the condition that all subcarriers are affected by the same
ICI power and the difference between central and edge subcarriers is
negligible, we may use the following simplified form:

σ2
γ [k] ≈ σ2

γ = σ2
x

∞∫
−∞

[
1 − sinc2(f/Bs)

]
S(f)df. (20)

Obtaining σ2
γ [k] using (19) or (20) requires a model of the PSD

S(f). We will herein use the following piecewise linear function [25],
i.e.,

S(f) =

⎧⎪⎨
⎪⎩

10−a, 0 ≤ f < fL

10−a
(

f
fL

)−b

, fL ≤ f < fp

10−c, f > fp

where parameter c defines the white phase noise floor; fL and fp define
the phase-locked loop (PLL) bandwidth and the phase noise bandwidth
(region where the noise floor becomes dominant), respectively; a gives
the phase noise level near the center frequency; and b gives the noise
fall-off rate. The phase noise PSD and the piecewise linear function
are shown in Fig. 1(a).

The LO signal quality is specified by the integrated single-
sideband phase noise (IPN), which is given by IPN =

∫∞
0

S(f)df
(in dBc) [29]. Moreover, the RMS integrated phase error Irms =
(180/π)

√
2IPN specified in degrees can be also employed.

Fig. 1(b) shows the ICI variance, i.e., σ2
γ , for an LO with an IPN

power of −32 dBc and an error floor of −130 dBc for three different
loop bandwidths (fL = 5 kHz, fL = 10 kHz, and fL = 20 kHz)
considering an OFDM system with 1024 subcarriers and intercarrier
spacing of 15 kHz. The variance was calculated using (19) and the
approximation in (20). We see that the ICI variance increases for
larger PLL bandwidths and that the difference in ICI variance between
borders and central subcarriers is around 3 dB. In Section IV, we
verified that this gap gives a difference in terms of EVM that can be
considered negligible.

ξ[k] =

√√√√ 1
σ2
x

(
σ2
γ [k] +

|G2[k]|2

|G1[k]|2
σ2
γ [N − k] +

σ2
D[k]∣∣H ′

pa[k]
∣∣2 |G1[k]|2

)
+

|G2[k]|2

|G1[k]|2
(18)
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Fig. 1. (a) PSD of the true phase noise and the piecewise linear approximation
with the following parameters: fL = 5 kHz; fp = 5 MHz; a = 7 4; b = 2; and
c = 13. (b) ICI variance, i.e., σ2

γ , of an LO with an IPN power of −32 dBc
and an error floor of −130 dBc for loop bandwidths fL = 5 kHz, fL =
10 kHz, and fL = 20 kHz. The subcarrier spacing is 15 kHz. ICI variance
values calculated using frequency-flat approximation [see (20)] and frequency-
selective ICI [see (19)] are plotted in dotted and solid lines, respectively.

B. Calculation of σ2
D[k]

The nonlinear PA is approximated by a Wiener model. The static
nonlinearity is modeled with a kth-order polynomial, and the linear
filter is modeled by an FIR filter of order La. The PA output can be
written as [27]

xtx[n] =

K∑
i=3
odd

cix
′
rf [n] |x′

rf [n]|
i−1 (21)

where x′
rf [n] = νxrf [n]⊗ hpa[n] is the output of the linear block, and

ν is the input backoff (IBO), which scales the symbols to reduce
in-band distortion. A large value of the IBO reduces the nonlinear
PA distortion, thus reducing the associated performance penalty at
the price of reduced power efficiency, because the dynamic range is

decreased. The expression obtained for the variance of NLD σ2
D[k],

which is derived in the Appendix, is given by

σ2
D[k]

=
1

|c1|2
E

[
LH−1∑

p=−LH+1

K∑
i=3
odd

K∑
w=3
odd

cic
∗
wν

i+w

LH−1∑
l1=0

x[l1]h̄[l1]

×
(i−1)/2∏

r=1

⎛
⎝LH−1∑

lr+1=0

x[lr+1]h̄[lr+1]

LH−1∑
lr+2=0

x∗[lr+2]h̄
∗[lr+2]

⎞
⎠

×
LH−1∑
j1=0

x∗[j1−p]h̄∗[j1]

(w−1)/2∏
s=1

⎛
⎝ LH−1∑

js+1=0

x[js+1−p]h̄[js+1]

×
LH−1∑
js+2=0

x∗[js+2 − p]h̄∗[js+2]

⎞
⎠ e−j 2π

N−1
kp

]
(22)

where h̄[n] is a filter of length LH that models the cascade g1[n]⊗
hpa[n].

From (22), we can infer the following.

• For x[n] following a Gaussian distribution with zero mean,
nonzero expectation is obtained if for each value of x[m], there is
x∗[j] with m = j. If this condition is not verified, E[|D[k]|2] =
0. In our analysis, it is assumed that each subcarrier is modu-
lated with identical constellation size, and no power loading is
employed. In this case, the Gaussian assumption for the OFDM
signal is verified.

• For a memoryless system, i.e., LH = 1, the NLD is frequency
flat, and (22) reduces to

σ2
D[k] =σ2

D

=
1

|c1|2
K∑
i=3
odd

K∑
w=3
odd

cic
∗
wν

i+w

E
[
x[n] |x[n]|i−1 x∗[n] |x[n]|w−1

]
=

1
|c1|2

K∑
i=3
odd

K∑
w=3
odd

cic
∗
wν

i+wE
[
|x[n]|i+w

]
. (23)

For illustrative purposes, a simple closed-form expression for the
variance of NLD σ2

D[k] can be obtained if the static nonlinearity is
modeled with a third-order polynomial, and the filter length verifies
LH ≤ 3. In this case, the distortion due to PA is given by

σ2
D[k]=

ν4|c3|2
|c1|2

(
B0 + 2Re{

(
B11 h̄

∗[0]h̄[1]

+B12 h̄
∗[1]h̄[2]

)
e−j 2π

N−1
k}+2Re{B2h̄

∗[0]h̄[2]e−j 4π
N−1

k}
)

(24)

where B0, B11 , B12 , and B2 derived in the Appendix are described
by (33).

IV. NUMERICAL RESULTS

Here, we compare the EVM from realistic simulations with those
obtained analytically. The OFDM system under consideration is
based on a Third-Generation Partnership Project Long-Term Evolution
(3GPP LTE) downlink-like system and has N = 1024 subcarriers
modulated with 16-quadrature-amplitude modulation (QAM) data, a
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system bandwidth of B = 10 MHz, and a sampling frequency of
Fs = 15.36 MHz, giving subcarrier spacing of 15 kHz. The transmitter
front end includes three sources of distortion: IQ imbalance, phase
noise from an LO implemented with a PLL, and a nonlinear PA. The
other transmitter parameters are based on, but not restricted to, the
3GPP LTE standard, which defines the maximum EVM at the output of
the transmitter. In particular, the transmitted signal includes pilot tones
to estimate/track the common attenuation and rotation introduced by
the channel, IQ imbalance, phase noise, and PA. Frequency/time offset
compensation before EVM measurement is also included.

Two PA models are considered in this evaluation: 1) Model 1 is a
broadband PA modeled using a Wiener model, where the linear filter
is given by hpa1(z) = (1 + 0.1z−2/1 − 0.1z−1) in [26], and the static
nonlinearity is modeled by third-order polynomial g(x) = c1x+
c3x|x|2 with coefficients c1 = 1.136 + 0.184j and c3 = −0.3807 −
0.0705j; and 2) Model 2 is a class-AB PA designed using the Freescale
MRF6S23100H laterally diffused metal–oxide–semiconductor de-
vice model provided in the ADS component library [27] for a
WiMAX/3GPP base station. Its transfer function has been ad-
justed using a Wiener model. The static nonlinearity is modeled
using a seventh-order polynomial with coefficients c1 = 0.5804 +
0.0655j, c3 = 0.3678 + 0.0304j, c5 = −0.0855 − 0.0297j, and c7 =
0.0056 + 0.0028j, and the linear filter is denoted by hpa2(z) = 0.8 +
0.216z−1 + 0.05z−2. The phase noise is generated by filtering a
Gaussian noise sequence with a filter whose frequency response is
defined by the phase noise PSD. In this setup, the adopted phase noise
is based on the piecewise linear model described in Section III-A
with the following parameters: fL = 5 kHz, fc = 50 MHz, b = 2, and
c = 13. Parameter a is settled as a function of the integrated phase
noise (IPN) required.

A. Comparison of Simulations and Analytical Results

The imperfections of the upconversion block are due to phase/
amplitude imbalance associated with the modulator, represented by
equivalent filters g1[n] and g2[n]. The mismatch between low-pass
filters hi[n] and hq[n] can be quantified by impulse response mismatch
b[n] defined as hq[n] = b[n]⊗ hi[n].

In the following, EVM curves for three different levels of IQ
imbalance and PA Model 1 operating with an IBO of −14 dB are
studied. EVM results have been evaluated with a phase noise of Irms =
2◦ (−32 dBc) in Fig. 2. The analytical results are obtained for both
frequency-dependent and frequency-flat ICI effects. The parameters
of the IQ modulator under evaluation are Case 1) β = 5%, θ = 5◦,
b(z) = 1 − 0.05z−1; Case 2) β = 5%, θ = 5◦, b(z) = 1 − 0.03z−1;
and Case 3) β = 5%, θ = 5◦, b(z) = 1. IRR levels from 23 to 32 dB
are reported with these values of IQ imbalance and filter mismatch.
The theoretical EVM curves are depicted using σ2

D[k] given in (24).
Fig. 3 shows the EVM results considering identical IQ modulator
parameters and phase noise of Irms = 5◦ (−24 dBc): These curves
are evaluated using a class-AB PA (Model 2) operating with an
IBO of −14 dB. The analytical curves are obtained employing the
approximated equation (32) and (30) (numerically solved) to calculate
the NLD variance, and the ICI is considered frequency flat. These
results show the good match between analytical and simulation results
when the approximated equation is employed, even for the case of a
PA modeled with large polynomial order.

B. Target EVM

We shall see that the EVM values can be accurately predicted such
that the time-consuming simulations are avoided. We will be able to
confirm, as detailed in the previous section, that the IQ imbalance

Fig. 2. EVM in three different scenarios. Case 1: β = 5%, θ = 5◦, b = 1 −
0.05z−1. Case 2: β = 5%, θ = 5◦, b = 1 − 0.03z−1. Case 3: β = 5%, θ =
5◦, b = 1. Phase noise Irms is 2◦ (−32 dBc). The EVM curves are evaluated
for PA Model 1 with an operation point set to IBO = −14 dB.

Fig. 3. EVM in three different scenarios. Case 1: β = 5%, θ = 5◦, b =
1 − 0.05z−1. Case 2: β = 5%, θ = 5◦, b = 1 − 0.03z−1. Case 3: β = 5%,
θ = 5◦, b = 1. Phase noise Irms is 5◦ (−24 dBc). The EVM curves are
evaluated for PA Model 2 with an operation point set to IBO = −14 dB. The
analytical curves are obtained employing the approximated equation (32) and
(30) (numerically solved) to calculate NLD variance σ2

D[k].

(IRR) and PA memory defines EVM frequency dependence, the ICI
can be considered frequency flat by neglecting the effects on the
border subcarriers, and the Gaussian assumption for ICI and NLD
gives analytical results that accurately match simulations. We analyze
the EVM of an RF front end built with off-the-shelf components. For
example, the upconverter block can be implemented with quadrature
modulator AD8349 from Analog Devices [30]. The AD8349 data
sheet specifies an IQ amplitude imbalance β = 0.1 dB (1.16%) and
phase imbalance θ = 0.3◦ operating at 2140 MHz. The LO can be
implemented with a fractional PLL synthesizer based on ADF4153,
resulting in an RMS integrated phase error, i.e., Irms, lower than 0.5◦.
Assuming the PA is operated with large backoff, the LO and the
IQ modulator will give the EVM floor for this particular setup. We
assume that the PA is implemented with HMC409LP4 suitable for
WiMAX and WLAN (it can be also employed in some operating
bands of 3GPP LTE) implementations and extract the Wiener model
parameters from the gain and frequency response curves obtained



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 62, NO. 7, SEPTEMBER 2013 3449

Fig. 4. (a) and (b) EVM with parameters from the AD8349 data sheet, I/Q
imbalance of β = 1.16%, and phase imbalance of θ = 0.3◦. Phase noise
of LO is Irms = 0.5◦, and the impulse mismatch of I and Q filters is
b = 1 − 0.05z−1 and b = 1 in (a) and (b), respectively. The allowed EVM
levels in downlink 3GPP standard when using 64-QAM (−21.9 dB), 16-QAM
(−18 dB), and QPSK (−15 dB) are included.

from the manufacturer. The static nonlinearity is modeled using a
fifth-order polynomial with coefficients c1 = 0.8688, c3 = −0.1018,
and c5 = −0.0054, and the linear filter is denoted by hHMC(z) =
0.17 + 0.8223z−1 − 0.007z−2 − 0.0750z−3.

Fig. 4 shows EVM curves as a function of the PA operation point,
i.e., IBO. Impulse mismatch of b(z)=1−0.05z−1 and b(z)=1 have
been considered in Fig. 4. The figure includes the allowed EVM levels
in 3GPP LTE downlink standard when using 64-QAM, 16-QAM,
and QPSK modulation. The PA operation point is closely related
with the level of mismatch introduced in the upconversion block, and
we can infer that a backoff of 6 dB is needed in case of 64-QAM
modulation for both cases (with and without impulse mismatch) [see
Fig. 4(a) and (b)]. Moving the PA operation point to a more power-
efficient region (lower backoff) allows the system to operate with a
reduced constellation size (reduced data rate). In case of 16-QAM
constellation, the required backoff will be larger than 4 dB.

Fig. 5 shows PA efficiency (PAE), amplifier gain, and output power
Po versus input power Pi obtained from the PA manufacturer [31] for
a typical low-power amplifier (HMC409LP4) used in WiMAX/LTE
systems. We see that operating the PA with reduced input power (large

Fig. 5. Efficiency, gain, and transfer function curves of an HMC409LP4
WiMAX/LTE amplifier [31].

backoff) results in a linear response but has a poor PAE. When the PA
is operated with IBO = −6 dB, the PAE is around 12%. If the backoff
is reduced to −4 dB, which is allowed by the reduction in constellation
size (reduced data rate), the PAE increases to 18%.

We note that the amplifier backoff needs to be set in a region such
that the EVM requirements are satisfied and also that the spectral
regrowth satisfies the spectral mask defined by the standards.

The previous results show that the PA NLD and the impairments
from the upconverter and LO phase noise can become a limiting factor
for the implementation of OFDM transmitters. The power consump-
tion of a PA operating with large backoff should be a conflicting issue
particularly for mobile terminals. On the other hand, the minimization
of impairments in the upconverter will be useful in reducing the EVM
floor that helps relax the admissible levels of NLD. These results moti-
vate the development of compensation techniques for RF impairments,
including frequency-dependent behavior that will be an interest-
ing task for the development of future wideband OFDM transceivers.

V. CONCLUSION

We have analyzed the effects of the most common RF front-end
imperfections in an OFDM broadband direct-conversion transmitter.
Our closed-form expression for the EVM includes the effects of IQ
imbalance, phase noise, and PA nonlinearities. The analytical results,
which were validated through extensive simulations, are useful for
investigating whether an RF front-end design complies with specifica-
tions. In particular, we studied the requirements for the implementation
of an LTE transceiver having stringent requirements for EVM levels.
We evaluated the tradeoff between distortion due to imperfections
in the IQ modulator, the LO, and the PA operation region. EVM
expressions can be very useful for radio designers in assessing the
system EVM avoiding time-consuming simulations/measurements.

From the derived equations, the designers are able to fix a target
EVM and calculate the contribution of each impairment. For example,
designers can choose the IQ modulator and the LO circuits and obtain
the EVM using the specifications of each component, assuming an
ideal PA. The difference between the obtained EVM and the specified
EVM is the percentage of allowed distortion assigned to the PA. By
using this value, the PA specifications (operation point, output power)
can be defined. Impairments due to DACs and any other effects can be
modeled as extra thermal noise and employed as a security margin in
the design of the transmitter.
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APPENDIX

EXPRESSION FOR σ2
D[k]

The signal at the PA output can be written as

xtx[n] =

K∑
i=1
odd

cix
′
rf [n] |x′

rf [n]|
i−1 (25)

where

x′
rf [n] = νxrf [n]⊗ hpa[n]

=hpa[n]⊗ (g′1[n]⊗ (νx[n]) + g′2[n]⊗ (νx∗[n])

+βe−jθγ[n] + βe−jθγ∗[n]
)
. (26)

To simplify the analysis, we consider realistic levels of IQ imbalance
(|g′1|2 	 |g′2|2) and phase noise (σ2

x 	 σ2
γ). Then, we take into

account only the first term of (27), i.e., g′1[n]⊗ x[n], to obtain

x′
rf [n] ≈hpa[n]⊗ g′1[n]⊗ (νx[n])

= νh̄[n]⊗ x[n] = ν

LH−1∑
l=0

x[n− l]h̄[l] (27)

where h̄[n] = g1[n]⊗ hpa[n]. The distortion term can be expressed as

d[n] =

K∑
i=3
odd

ci
c1

x′
rf [n] |x′

rf [n]|
i−1

=

K∑
i=3
odd

ci
c1

νk

LH−1∑
l1=0

x[n− l1]h̄[l1]

(i−1)/2∏
r=1

⎛
⎝ LH−1∑

lr+1=0

x[n− lr+1]h̄[lr+1]

×
LH−1∑
lr+2=0

x∗[n− lr+2]h̄
∗[lr+2]

⎞
⎠ . (28)

The frequency-domain representation of the distortion can be ob-

tained by using the DFT of (29), i.e., D[k] =
∑N−1

n=0
d[n]e−j 2π

N−1
kn.

Then, the squared module of D[k] can be written as

|D[k]|2 =

N−1∑
n=0

N−1∑
m=0

d[n]d∗[m]e−j
2πk(n−m)

N−1

=

N−1∑
n=0

N−1∑
m=0

K∑
i=3
odd

ci
c1

νi

LH−1∑
l1=0

x[n− l1]h̄[l1]

(i−1)/2∏
r=1

⎛
⎝ LH−1∑

lr+1=0

x[n− lr+1]h̄[lr+1]

×
LH−1∑
lr+2=0

x∗[n− lr+2]h̄
∗[lr+2]

⎞
⎠

×
K∑

w=3
odd

c∗w
c∗1

νw

LH−1∑
j1=0

x∗[m− j1]h̄
∗[j1]

×
(w−1)/2∏

s=1

⎛
⎝ LH−1∑

js+1=0

x∗[m− js+1]h̄[js+1])

×
LH−1∑
js+2=0

x[m− js+2]h̄
∗[js+2]

⎞
⎠

× e−j
2πk(n−m)

N−1 . (29)

To calculate the expectation of |D[k]|2, we assume that x[n] is
Gaussian with zero mean and variance σ2

x that verifies E[x[n]] = 0,
E[x∗[n]] = 0, E[(x[n])m] = 0, E[(x∗[n])m] = 0, and E[|x[n]|m] =
m!!σm

x when m is even. Under this assumption, we can infer that

E [d[n]d∗[m]]

{ 
= 0, if |n−m| ≤ LH − 1

= 0, if |n−m| > LH − 1.

The expectation of |D[k]|2 can be written as

E[|D[k]|2]

= E

[
LH−1∑

p=−LH+1

K∑
i=3
odd

K∑
w=3
odd

cic
∗
w

|c1|2
νi+w

LH−1∑
l1=0

x[l1]h̄[l1]

×
(i−1)/2∏

r=1

⎛
⎝ LH−1∑

lr+1=0

x[lr+1]h̄[lr+1]

×
LH−1∑
lr+2=0

x∗[lr+2]h̄
∗[lr+2]

⎞
⎠

×
LH−1∑
j1=0

x∗[j1 − p]h̄∗[j1]

×
(w−1)/2∏

s=1

⎛
⎝ LH−1∑

js+1=0

x[js+1 − p]h̄[js+1]

×
LH−1∑
js+2=0

x∗[js+2 − p]h̄∗[js+2]

⎞
⎠

× e−j 2π
N−1

kp

]
. (30)

A simplified version of this expression can be obtained considering
the case when the expectation is nonzero. To this purpose, it is
possible to consider the terms x[l1]x

∗[l2] · · ·x[l(k−1)/(2+1)]x
∗[j1 −

p]x[j2 − p] · · ·x∗[j(w−1)/(2+1) − p]. The expectation is nonzero if
for each value of nonconjugated x[i], there is x∗[j] with i = j. It
means that we need to consider two element subsets, which must
have an equal time index and different conjugation. In case of iden-
tical indexes, i.e., l1 = l2 = · · · = l(i−1)/(2+1) = (j1 − p) = (j2 −
p) = (j(w−1)/(2+1) − p), the expectation of these terms is given by
E[|x[j1]|i+w] = (i+ w)!!σi+w

x . If the indexes are combined in pairs,
the expectation of the terms can be written as

∏(i+w)/2

l=1
E[|x[l]|2] =
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∏(i+w)/2

l=1
2!!σ2

x. A general expression for the combination that gives
nonzero expectation can be expressed as

E
[
|x[1]|i1 |x[2]|i2 · · · |x[l]|kM

]

= 0

if i1+i2+· · ·+iM = i+w and i1, i2, . . . , iM are even. (31)

In general, (30) can be numerically solved. A closed-form expression
can be found if the length of the equivalent filter is restricted to LH ≤ 3
and a third-order polynomial is analyzed. For this particular case, the
expression for σ2

D[k] can written as

σ2
D[k] =

ν6|c3|2
|c1|2

(
B0 + 2Re{

(
B11 h̄

∗[0]h̄[1] +B12 h̄
∗[1]h̄[2]

)
e−j 2π

N−1
k}+ 2Re{B2h̄

∗[0]h̄[2]e−j 4π
N−1

k}
)

(32)

where

B0 = 48

(
3

2∑
l=0

2∑
m=0

∣∣h̄[l]∣∣4 ∣∣h̄[m]
∣∣2

+ 6
2∏

l=0

∣∣h̄[l]∣∣2 + 2∑
l=0

∣∣h̄[l]∣∣6
)

B11 = 32
2∑

l=0

∣∣h̄[l]∣∣4 + 64
∣∣h̄[0]∣∣2 ∣∣h̄[2]∣∣2 + 80

∣∣h̄[0]∣∣2 ∣∣h̄[1]∣∣2
+ 96

∣∣h̄[1]∣∣2 ∣∣h̄[2]∣∣2
B12 = 32

2∑
l=0

∣∣h̄[l]∣∣4 + 128
∣∣h̄[0]∣∣2 ∣∣h̄[2]∣∣2 + 32

∣∣h̄[0]∣∣2 ∣∣h̄[1]∣∣2
+ 80

∣∣h̄[1]∣∣2 ∣∣h̄[2]∣∣2
B2 = 32

2∑
l=0

∣∣h̄[l]∣∣4 + 64
(∣∣h̄[0]∣∣2 ∣∣h̄[1]∣∣2 + ∣∣h̄[1]∣∣2 ∣∣h̄[2]∣∣2)

+ 80
∣∣h̄[0]∣∣2 ∣∣h̄[2]∣∣2 . (33)
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