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Analysis and Compensation of Receiver
Non-Idealities in Wireless OFDM Transceivers

S. Fouladifard' and H. Shafiee®

High rate wireless communication systems require the design of low-cost radio transceivers with

low power consumption. Various architectures for the down conversion of the radio frequency
signal to baseband exist. But, with varying degrees, all radio receivers introduce certain non-ideal
characteristics of thelr own, including DC offset, IQ mismatch, frequency offset and phase nolse.
In this paper, the impact of such non-ideal receiver effects on the performance of an OFDM

wireless communication system are investigated. Techniques for compensation or mitigation of

such phenomena are discussed and novel methods are proposed.

INTRODUCTION

In a wireless transceiver, prior to demodulation of
the received signal, the Radio Frequency (RF) signal
needs to be down-converted to the baseband. Various
architectures for this operation exist which include the
classical heterodyne, direct conversion, umage-reject,
low-1F and others [1,2].  Different architectures are
usually evaluated based on their characteristics with
respect to lmage rejection, adjacent channel rejection,
DC offsets, 1Q) imbalance, spurs and phase noise, as
well as their power consumption for a given techunology
and their suitability for integration.

Liage rejection refers to the removal of a spurious
signal centered at twice the difference between the car-
rier and Lotermediate Frequency (LF), when applicable.
Adjacent channel rejection refers to the filbering out of
the signal components in bands adjacent to that of the
signal of interest. 10} ibalance refers to phase and gain
mismatehes between the lo-phase (1) and Quadrature
(Q) paths [2,3]. Specifically, phase mismatch oceurs
when the phase difference between the local oscillator
signals for I and @ channels is not exactly 90 degrees.
Gain imbalance refers to a gain mismatceh in the path of
the 1 and @ signals. Spurs are the undesired frequency
components within the bandwidth of the signal of
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interest.  Frequency offset is the difference between
the received signal carrier frequencies with the local
oscillator frequency. ln addition to Doppler effects in
the wireless channel, frequency offset could be due to
the oscillator steady state frequency error, compared to
the desired value. Finally, phase noise is the random
commponent present in the phase of the local oscillator
waveform.

Ln classical heterodyne architecture, the signal is
first. moved to an intermediate frequency before it is
mixed again and shifted to baseband. An image-reject
filter is employed, prior to the first conversion, while a
second channel select filter is used afterwards [2]. The
required trade-oft between the characteristics of the two
filters wsually results in the selsction of a relatively
high intermediate frequency. 'This, in turn, leads to
the bulky Surface Acoustic Wave (SAW) design for
the image-reject filber, which is unsuitable for complete
integration of the transceiver. On the other hand,
adjacent channel rejection can be done quite effectively
in this structure.  Spurs, DC offset, as well as 1Q
imbalance effects, do not present major difficulties,
though the use of two mixers could increase phase noise
power.

ln direct conversion receivers, the REF signal is
directly converted to baseband and, hence, there is
inherently no image signal present. ln addition, such
designs potentially lead to compact and low power
inplementations and offer a seamiless path toward in-
tegration. Low pass filtering of the continuous quadra-
ture waveforms, as well as possible further filtering in
the discrete domain, allows excellent adjacent channel
rejection.  Such features are especially advantageous
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for mobile terminals and, thus, have generated a great
deal of interest for wireless application. On the other
hand, DC offsets, spurs and 1Q imbalance are more
pronounced in such cases. DO offset, for example,
could oecur due to self-mixing when the local oscillator
signal leaks into the receiver input and comes through,
along with the desired RF signal. It could also
oceur when an interference signal becomes present at
the receiver input, as well as at the local oscillator
output, due to leakage. 1Q mismateh oceurs due
to difficulty in component matching and maintaining
identical signal path distances in the | and Q@ paths
at RE.

ln the so-called low-1F architectures, the signal
is first mixed to an intermediate frequency and the
passband signal is then sampled. The down-conversion
to baseband is, subsequently, done in the discrete
domain. While this architecture has good properties
with regard to adjacent channel rejection, 1Q mismatch
and DC offsets and offers potentials for system integra-
tion, it requires Analog-to-Digital Conversion (ADC)
at relatively high sampling rates. Design of high rate
A/D converters with satisfactory linearity and noise
characteristics is, generally, challenging and power in-
efficient, which has made the practical implementation
of low-1F architectures expensive,

In this paper, the unpact of the receiver non-
idealities, including 1@ imbalance, frequency offset
and phase noise; on the performance of Orthogonal
Frequency Division Multiplexing (OFDM) communi-
cation systems will be investigated. OFDM is an
effective and spectrally efficient signaling technique for
corununication over frequency selective channels. Due
to its robustness in fading channels and its effectiveness
against narrowband interference, OFDM signaling has
emerged as the preferred modulation technique in
many wireless communication applications.  Specifi-
cally, OFDM has been proposed or adopted in Digital
Audio Broadeasting (DAB), Terrestrial Digital Video
Broadeasting (‘(I'DVB) and wireless Local-Area Net-
works (LANY) [3,4].

Mainly, the direct conversion structure will be
considered for its simpler mathematical tractability,
though the concepts to be discussed are readily adapted
to other receiver architectures. The organization of the
rest of this paper is as follows: In the next section, a
brief outline of OFDM signaling is given and a generic
model for the front-end receiver is presented, which
includes the non-idealities considered in this paper.
Then, the 1Q) imbalance issue is investigated and two
novel algorithims for countering such effects in OFDM
transceivers are presented. Next, the effect of frequency
offset is investigated and methods for the estimation of
its value are discussed. After that, the joint estimation
of frequency offset and 1) imbalance parameters are
addressed and then phase noise issue and its impact on

235

the performance of the system are presented. Finally,
conclusions are included.

OFDM SIGNALING IN WIRELESS
COMMUNICATION

The basic principle behind OFDM is to, first, map
the (possibly encoded) bit sequence into data symbols
using PSK or QAM modulation methods. The symbols
are, then, split into groups of A sywbols and each
symbol i1s modulated onto one of & orthogonal sub-
carriers,  The sub-carriers are equally separated by
Af = 1/1 He, where 1"is the duration of sub-carrier of
waveforms. Lo practice, only sub-carriers in the range
[- K, K], where N > (2K + 1), may be utilized. 'The
signal «(#) is obtained by adding the (2K + 1) sub-
carrier modulated waveforms together, such that:

e
)= 5 D X )

k=—HK

where X [k] is the kth data symbol and fi = EAf is the

kth sub-carrier frequency. By sampling () at instants

t = nl' /N, one will have:
- K
nd, . 1 —— .
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where 0 < n < N — 1. Equation 2 is equivalent to
an inverse discrete Fourier transform of the modulated
data symbols X[k] and, therefore, could be imple-
mented using loverse Fast Fourier Transtorm (LFE'LY).
A complete OFDM symbol is formed by adding N,
guard samples from the end of each block to the
beginning. This helps to counter the effect of loter-
Symbol Interference (IS1), as well as lnter-Channel
Interference (LCL) [3]. The length of the guard interval
is chosen to be greater than the maximum channel
delay spread expected.

The real and imaginary components of the [FEF'T
output are converted to continuous-time waveforms
using digital-to-analog converters (DAC’s) and, then,
are low-pass filtered. 'T'he signal, Z(#), is, then, up-
converted to the desired carrier frequency, f., so that
the RF signal becomes:

s(t) = Ef(t:} cos(2a fot) — Eq(t:} sin(2x fot), (3)

where Ef(t:} and Eq(t:} are in-phase and quadrature
inputs to the up-converter, respectively. s(t) is then
amplified, using a Power Amplifier (PA), and trans-
mitted.

At the receiver, quadrature demodulation and
low—pass filtering of the received RE signal yields
the | and @ signals. 'The continuous-time 1 and Q
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signals are, then, sampled uwsing a pair of analog-
to-digital converters. With the length of the guard
interval chosen to be longer than the longest delay
spread expected, the linear convolution of the transmit
sequence and the channel response become equivalent
to circular convolution. Lo the frequency domain, one,
thus, has

Ykl = X[k]H[k] + N[k], k=—-K,.. K, (4)
where Y[k] denotes the received signal at sub-channel
k, H[k] is the corresponding channel response and
N[k] shows the effect of additive noise. Lo remove
the effect of the channel, samples at each sub-channel
are multiplied by a one-tap frequency equalizer. Data
syirbols and the transmitted bit sequence are recovered
after the demodulation of the equalized symbols, In
Figures 1 and 2, generic block diagrams of the transmit-
ter and receiver in a wireless OFDM communication
systent, with direct conversion architecture, are shown,

Figure 3 shows the front-end of an OFDM re-
ceiver, which also includes several non-ideal effects,
namely, DC offsets, frequency offset, 1Q ibalance and
phase noise. The DC offsets in the | and () paths are
denoted by ¢; and ¢, respectively. The gain and phase
paramieters of 1Q) mismatch are shown by £ and #. Aw,
represents the frequency offset between the transmitter
and receiver and the phase noise parameter is shown by
o(t).

Note that, although DC offset is a major issue
in suceessful implementation of radio receivers, this
topic is not specifically addressed in this paper. This
is because, in addition to careful circuit design, there
are several ways of reducing or eliminating DC offsets
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Figure 1. OFDM transmitter.
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in OFDM communication systems. ln the acquisition
mode, DC offsets can be removed with the help of
analog and digital high-pass filters. The characteristics
of these filters may change in the data detection mode.
This is done, for example, to prevent the effective
overall channel response from being excessively long,
which in turn, could overwhelm the available guard
interval for each OFDM symbol.  In addition, in
the design of OFDM symbols, the DC sub-channel is
usually filled with zero. 'This allows the receiver to
monitor this value to estimate the residual DC offset
and, then, correct the incoming | and @ signals. Lo the
rest of this paper, therefore, the DC offset values, ¢;
and ¢, will be considered equal to zero.

To analyze the impact of the above non-ideal
effects on the performance of the system, an OFDM
system will be considered whose parameters are set,
based on the specifications of IEEE 802.11a standards
for Wireless Local Area Networks (WLAN) in the
3 GHz band. Here, the OFDM modulator uses 64
sub-channels, 32 of which are used for data or pilot
syiibols and the other sub-carriers, which include the
DC channel, are filled with zero. Sub-carrier spacing
is chosen to be 312.5 kHe, so that the total bandwidth
becomes 20 MHz. Computer simulations are performed
using the 16-QAM modulation.

IQ IMBALANCE

As mentioned previously, phase imbalance occurs when
the phase difference of the local oscillator for the | and
(QQ paths is not exactly 90 degrees, ie., 8 has a non-
vero value in Figure 3. Also, gain lmbalance occurs
when the gain in quadrature paths is not the same,
Le., £ in Figure 3 has a non-zero value. Recently, a few
techniques for compensation for 1) imbalance in radio
receivers have been proposed [6,7]. Lo the absence of
frequency offset and phase noise, the | and () signals are
related to the ideal down-converted waveforms, yi(f)
and y,(f), according to the following:

i (f) = (1), (3)

7y(£) = (1 + £) (y, (£) cos(0) — g () sin(8)). (6)
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By taking the discrete Fourier transform of the complex
samiples, it is readily verified that the sample at the kth
sub-carrier in the OFDM receiver will become:

Y[k] = 7Y [k] + AY *[—F], (7)
where:

3= 05{1+ (14 2)(cos(9) — jsin(0)) }, (%)

A= 05{1 = (1+2)(cos(0) + jsin(9)) }. (9)

The multiplicative parameters are related such that
A=(1=77). (10)

The above relation shows that the gain and phase
mismatehes in the receiver mixer cause the symbol af
the sub-carrier, k&, to be multiplied by the complex
factor, v. ln addition, a spurious component will be
present, which is equal to the conjugate of the symbol
at —k sub-carrier, multiplied by another complex termni,
A. The sample at the kth sub-carrier, thersfore, will
include an interference related to the symibol at the
—kth sub-carrier and vice versa.

Figure 4 shows a plot of symbol error rate (SER)
vs SNR per bit (denoted as Ey/Ny) for an Additive
White Gaussian Noise (AWGN) channel, with two set
of values for mismatch parameters in the receiver. The
SER plot for the system, without any 1Q imbalance,
is also shown for comparison. 'The plots show that
the mismatches degrade the system performance quite
severely. Specifically, with £ and & set at 0.5 dB and 5
degrees, respectively, the SER at an SNR of 14 dB is
increased by two orders of magnitude. The degradation
is more severe when £ and # are set at 1.5 dB and 10
degrees, respectively.

ln the following sections, two novel technigques
are proposed for compensation of the 1Q) imbalance [8-
11]. First, a technigue for estimation of the related

1.E+00 |

[
1.E-01 i\‘_.“
\-\.\1 r\*\\-‘l
x LE-02 \ .
ot N "\
1.E-03
N
. E-—-—Ideal \
LE-044 (1.5 dB, 10 deg.)
!-fl—- (0.5 dB, 5 deg.) \
1.5-05 ‘ ]

4 6 8 10 12 14
Eb/No (dB)

Figure 4. Svinbol error rate vs SNR.
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parameters and subsequent receiver calibration is dis-
cussed. An adaptive method, which compensates for
the mismateh in both transmitter and receiver mixers,
follows next.

Estimation and Compensation of IQ Mismatch

To measure and compensate for the 1 mismatch in
the receiver, the use of specific OFDM symbols, are
proposed, such that select sub-carriers {&y, ks, -+ k. }
are nulled, i.e., the symbol allocated to each of these
sub-channels is zero.  Furthermore, known symbols
are placed at their corresponding mirror sub-channels
denoted by {—ky,—ks,---,—k.}. 1o a calibration
miode, or as part of the preamble section, r could be
set equal to K| and multiple OFDM symbols, with the
above description, can be transmitted.  Alternately,
one can select a few pilot sub-channels within each
OFDM symibol and fill those according to the above
configuration, i.e., half of the pilots are filled with a
known symbol and the other half, i.e., those whose
indices have opposite signs, are filled with zero. Let
us suppose that samples at a total of L sub-carriers
are collected, which could be part of one or a multiple
of OFDM symbols. The set containing the nulled sub-
carriers will be donated by §.

The algorithm is based on monitoring the FE'T
output at sub-varriers, which were filled with zeros.
Notice that, based on Equation 7 and in absence of
noise, any non-zero values at these bins are due to the
gain and phase imbalances. Specifically, at the nulled
sub-carrier, &', the received sample will be AY*[—&'].
Next, the estimation problem will be considered in the
context of an AWGN channel. The AWGN case can
arise in an especially-designed calibration procedure.
Ln this case, the channel frequency respouse, H [k], will
be unity for all sub-carriers. Without loss of generality,
let one suppose that the known (non-zero) symbols are
sete to unity., The received sample at a nulled sub-
carrier, k', is given by the following:

YIE] = 0.5{1— (1 —z)(cos(#) + 7sin(@))}
+ v NE] + AN [—E], (11)
where N [k] and N[—k'] denote the vero-mean complex
noise samples at sub-carriers &' and —&', respectively.

With L samples of data available, an estimate of the
phase imbalance is given by the tollowing relation:

f = tan™! (Z Vilk'1/ (> Yelk] - m)) . (12)
kel EES

where Y.[f] and Y;[k] correspond to the real and
lmaginary compounents of Y [&'].
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It can be shown that the above estimate is unbi-
ased [8] and the conditional variance of the estimate is
given by:

Var(d]f) ~ 201+ (1 4 2)*)o?/L, (13)

where o7 is the variance of the imaginary component
of noise. The above relation shows that the variance of
the estimate is decreased, as SNR improves or as L is
increased. Therefore, # is an unbiased and consistent
estimate for #. The value of £ is, subsequently, obtained
from the following:
1 2 oo .
bt uo:s(é*‘) L uoa‘(ﬁ?} k’ze:b vl (14)

LU

It could be shown that the above estimate has a
bias equal to (1+ Wcos(#)/ cos(§)—1}. However, since
the estimate of ¢ is unbiased, the bias in £ will be very
small. 'The conditional variance of £ will be [8]:

Var(el) L cos?(f)
where o is the variance of the real component of noise.
When # is stall, the variance is dominated by the last
ternn, which, again, shows that higher SNR’s and larger
L’s would reduce the variance.

Lu the case of a frequency selective fading channel
and in the absence of noise, the received samples at
bins k" and —&" are given as follows:

VIE] =AY [k, (16)
Y [k = 7Y k. (17)

Oune can, thus, write:

Y[k = 3y [—k], (18)
where:
G=X[y=1—7/~. (19)

Therefore, estimating the parameter 3 would result
in estimates for v and A wsing Equations 17 and 10,
respectively.  Consequently, estimates # and £ are
obtained from Equation 8, as given below:

HIm {2y — 1}/Re{25 — 1}), (20)

# = —tan~

£ = —1+ (Ref25 — 1}/ cos(d)) (21)

With L nulled sub-carriers available, 3 is estimated
fromm

="V V=K. (22)

EES k'S
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If it is again assumed that the contribution due to
3 is subtracted from each sample of Y[k'], then, the
estimation error is given by

5os= BEP S (2

!
kE EES

"J‘

The above relation shows that the estimate will be un-
biased, since v and A are both deterministic. The vari-
ance of the estimate, however, will be data-dependent,,
which, in turn, will depend on the channel response [8].

When estimates for § and £ are obtained, the I and
() sequences in the baseband can be processed to cancel
the effect of receiver 1) mismateh, The multiplicative
parameters are readily obtained from Equation 6. The
compensation block is shown in Figure 5, where the
paramieter g is given by lf(uos(é*‘)(l + £)).

The above procedure is again tested on an OFDM
system designed with IEEE 802.11a parameters. Fig-
ures 6 and 7 show the average of the phase and gain

mismateh parameters, respectively, obtained using
Equations 12 and 14, vs true values for two different
values of channel SNR. As expected, the phase estimmate
is unbiased and the bias of the gain estimate is also
negligible. Figures 8 and 9 show the variance of the

#i{n] > (1]

sin(é)(] + &)

9-1['711 _’D-——-’ Zq{n]

Figure 5. Compensation block.
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estimates obtained from simulations, which decreases
with SNR as predicted by Equations 13 and 15.

Next, to test the estimation algorithm on a
frequency selective fading channel, the transmit signal
was run through a channel with a fading profile, as
shown in Figure 10. Figure 11 shows the average
of the phase mismatch parameters, caleulated using
Equation 200 vs the corresponding true values, shown
for two different SNR. values. The plot confirms that
the proposed estimate is unbiased. The average of
the gain parameter obtained using Equation 21 is also
plotted vs the true values in Figure 12,

Adaptive Method

1Q ibalance can also be compensated using adaptive
technigues. Lo [12], a frequency domain adaptive
algorithim is proposed, which uses a two-tap equalizer
for each sub-channel. o this section, an adaptive
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algorithim is proposed, which operates on the time-
domain baseband samples [10,11].

The intent is to predict the interference signal in
the (3 path and subtract it from the incoming signal.
A block diagram of the structure of the compensation
block is shown in Figure 13,

The mismateh cancellation is undertaken in two
stages: First an adaptive filter predicts the interference
from the | path and subtracts it from the quadrature
signal.  Then, the gain in the quadrature path is
adjusted, adaptively.

Let one define g [r] as the sample in the quadra-
ture path, after the interference from the in-phase
signal is subtracted, i.e.,

yyln] = gylne] — w' i[n], (24)

where w is the filter coefficient vector and §;[n] is the
vector of input samples, i.e.,

w.‘r f (wu, Wy, -, u“]’N—].)]
971 = (el gl — 11, gl — v 411
From Equation 6, it is evident that the phase imbalance

causes each sample of the quadrature signal to be
affected by the sample in the in-phase path at the

95 [n] - U]

qln]

Figure 13. lime domain compensation block.
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same bime interval. With the interference, thus, being
miemory less, it is sufficient to employ a prediction filter
with only one tap. If the expected prediction error
power were defined as:

} , (25)

then, the update equation for the filter coeflicient, using
the Least Mean Square (LMS) algorithm, would be
given by

Jy,=F { |y; [12]

w(n + 1) = wln) + pg:[r].y,[n], (26)

where g is the learning constant [8].

Next, the gain parameter is adapted, so that the
signal power for the 3 path becomes a prescribed fixed
value. Let one consider that the target power is given
by (P, + P,), where P, is the desired signal power
and P, is the noise power. Also, e,[n] is defined
as the difference between the desired power level and
instantansous power at time n, i.e.,

egln] = Po+ Py — ‘Eq[u] (27)

The update equation for the gain parameter to mini-
miize e,[n] is readily obtained, as given below:

gyl + 1] = gy[n] + ey[n], (28)

where § is the step size,

Figure 14 shows the results of applying the above
adaptive algorithm when £ and #, again, were set at
1.5 dB and 10 degrees, respectively. The results were
obtained after the adaptive algorithm had converged.
T'he plots show that an adaptive technique cancels non-
ideal effects almost entirely.
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Figure 14. SER performance of compensation
algorithms.
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FREQUENCY OFFSET

OFDM systems are also quite sensitive to carrier
frequency offset, as this also disrupts the orthogonality
between sub-carriers. As mentioned in the first section,
frequency offset occurs due to a difference in frequencies
of the mixers in the transmitter and receiver, or, due
to a Doppler shift, due to the relative movement of the
moderns.

With a frequency offset, Aw, = 27 f., the complex
envelope of the received sequence will have a multi-
plicative factor of the form exp(FAw.n1}), where n is
the sample index and 7, is the sample period. If 3
denotes the ratio of the frequency offset to the sub-
carrier separation, the received samples in one OFDM
symbol can be written as:

u

fit
) 1
ylel = <

D X[kH ke

k=—K

+ wy[n], (29)

where the 1} imbalance and phase noise effects
have been ignored.  'The presence of the factor,
exp(72anG/N), disturbs the orthogonality between
sub-carriers and results in loter-Channel loterference
(1CL). It also causes degradation of Signal-to-Noise
Ratio (SNR) in each sub-carrier.

The reduction in signal amplitude and the phase
rotation of the samples; as well as the effect of 1CL
caused by the frequency offset, is evident when the
OFDM symbol at the output of the FF'1' block is
examined. For the kth sub-channel, one will have [13]:

sin(wd) an-1
T - Tt
N sin ( ~ )
where Y[k] is the signal in absence of frequency offset,
1[k] denotes the effect of 1CL, which is given by:

V[k] = (4] 1E]+ WKL, (30)

ZY sin ':':}k} . S bﬁ%,
I=—K ' sin ﬂ—+l} (31)
[k :
and W k] shows the effect of additive noise.

To assure effective demodulation of the OFDM
signal, the frequency offset has to be removed by
adopting a precise matching of the local oscillator
frequency to the signal carrier frequency, or else, by
correcting the down-converted baseband signal using
digital signal processing technigques.

Various techniques have been proposed for the
estimation and compensation of frequency offset in
OFDM receivers [13,14]. These algorithins, generally,
exarine the rotation of samples due to frequency offset
in time or frequency domains. Specifically, if an OFDM
symbol were transmitted twice in a row, each time-
domain sample at the receiver would be written as:

] = ylfe St (32)
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where y[n] denotes the received sample without any
frequency offset. Note that when the amount of the
offset is zero, the product, vln] = y*[n]yln — N], is
expected to be real. Otherwise, the amount of offset
can be estimated from the non-zero phase of v[n], since,
in absence of noise, one will have:

)

Clearly, an unambiguous determination of the value
of the frequency offset is undertaken using the above
relation, when the offset is in the following range:

-7 T

— < Aw,. < ——.
NT, — - N1,

(34)

Note that for the above procedure to work, the length
of the repeated block does not need to be N,
Alternatively, the estimation can be done using
frequency domain samples. Again, supposing that an
OFDM symbol of length & is transmitted twice in a
row, the samples of the second block can be written as:

J:? bj "Tm)-(u-}-\'}l

VelTk (35)

zo[n]=z1[n + N

where 0 < n < N — 1. One can, thus, write:

zaln] = zp[r]e? 27 (36)
and, in the frequency domain, one will have:

Zolk] = 2y [k]e? ™7 (37)

With noise present, samples in the two consecutive
blocks in the frequency domain can, then, be written
as!

Yi[n] = 21 [k] + Ny [k], (38)

Ykl = Zu[k]e??™ + Na[k], (39)
where N [k] and Ns[k] denote the effect of noise in
the kth sub-channel in the first and second block,
respectively. Using the above relation, the maximum
likely estimate of the frequency offset is given by [13]s

1 %
,3:Earg(z

k=—K

Yy kYY" [L]) (40)

It can be shown that the estimate is unbiased and its
conditional variance decreases as the channel noise is
reduced and the total symbol energy is increased.

ln the tracking mode, remnant frequency offset
effects are estimated using a similar approach, though
here, pilot tones are inserted in each OFDM symbol
and the phase rotation of each of these sub-channels is
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examined. The remnant offset is found by the following
relation [14,15]:

Lo S Vonery (GN YR (0(5))
2l = (Xl;”_l_;_.)(p(j.})xm (p(f} )

(41)

where re is the OFDM symbol number, L is the number
of samples separating symbols containing pilots, Ly is
the number of pilots and p(7) is a function, which gives
the location of pilots within OFDM symbols. Clearly,
instead of using pilots, one can utilize data symbols,
along with their corresponding detector output in a
decision directed manner.

The above frequency domain algorithin is tested
on the IEEE 802.11a OFDM system, described previ-
ously. Here, channel SNR. is set at a relatively large
value. Lo Figure 15, the mean of the frequency offset
estimates, obtained using Equation 40, is plotted vs
its corresponding true value, which shows that, as
expected, the estimate is wnbiased. In this figure,
assuming a carrier frequency of 5 GHe, the offset is
shown in ppm (parts per million), which means that the
range 0 to 24 ppm correspouds to values of 3 ranging
from 0 to 0.39. 1n Figure 16, the standard deviation of
the estimate is plotted, which shows that this value is
independent of the value of offset.

JOINT ESTIMATION AND
COMPENSATION OF FREQUENCY
OFFSET AND IQ IMBALANCE

When the gain and phase mismateh values are not
pero in the mixer at the receiver, the relation between
phases of the samples of Y, [k] and Yus[k], shown
in Equations 38 and 39, no longer holds and the
frequency estiunation algorithms, which attribute all
phase differences between like samples to frequency

24 - - : -
wevemee - No 1Q mismatch i /
v 20 |- et With IQ mismatch Vs
T
16
R
z 12 o
& ] /
2 8 [
o ; 4
. N
<, : /
) /
0 N H
0 4 8 12 16 20 24

Frequency offset {ppm)

Figure 15. Average of the frequency offset estimate vs
the true value.
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Figure 16. Standard deviation of the frequency offset
estimate vs the true value.

offset, are no longer effective. To illustrate this point,
Figure 15 also shows the average of the offset estimate
when gain and phase mismatch values are set at 2
dB and 10 degrees, respectively. Clearly, the estimate
obtained under these conditions is now biased, where
the amount of bias changes with the value of the
frequency oftset.

I addition, Figure 16 also shows the standard
deviation of the estimates obtained in the presence of
1} imbalance. 1t is observed that, in absence of 10}
miismateh, the standard deviation of the estimate vs the
actual frequency offset was relatively constant for the
selected channel SNR with 1Q) imbalance present, the
variance changes as frequency offset, are varied. Notice
that even when the estimate has a small bias for certain
values of frequency offset, the variance is relatively
large. Such a poor performance was similarly observed
when other frequency offset estimation algorithis were
employed.

Similarly, while the 1Q imbalance algorithis,
deseribed in the previous section, perform well for even
large values of gain and estimation in the absence of
frequency offset, they are not effective if frequency
offset is non-zero, and the related phase rotation of the
complex samples are not corrected. This s because
Equations 5 and 6 are no longer valid in the presence
of frequency offset. Indeed, if the samples exhibit small
frequency offset or have not been corrected perfectly,
the performances of the estimation algorithis are quite
adversely affected. In this section, a new technigue
for frequency offset estimation is described, which is
effective even in the presence of severe 1Q) mismatch [16-
19]. Once the estimate is obtained, the complex sam-
ples can be corrected and, then, any effective technique
for 1} imbalance estimation and compensation can be
applied.

An equivalent model of the front-end of an OFDM
receiver (with DC offsets and phase noise zero) is shown
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in Figure 17, where the effects of the frequency offset
and 1Q imbalance are separated. 1t is straightforward
to show (with some algebraic manipulations) that the
two sbructures are identical.

Let one define Y,¥Y and ¥, as the complex
envelop of the desired received sequence (ie., without
the effect of frequency offset or 1Q imbalance), the
sequence after the inclusion of frequency offset effect
and the sequence after further addition of 1 imbalance
distortion, respectively.

Let one suppose that a specific OFDM symbol,
X, [k], is formed such that only one of the sub-carriers,

denoted by k,, contains a non-zero value, ie.,

PRI L it k=k,
P kAR

where £ denotes the symbol stored in sub-carrier k.

When X, [k] is transmitted through the channel, using

Equations 30 and 31, Y'[k], at sub-carrier k,, becomes:
5111(71',5_1 SE Ik, ],

N sin (T) (42)

Yok, = P x Hik,] s

where a subseript, p, is added to Y [k] to indicate that
this signal is due to symbol X, [k]. At all other sub-
carriers, one has

sin(w3)

N sin (7w(k”;.k+§:))

o N—1 . kp—k
jwd ,\-1_53“' g

Y, [k] = P.H [k]

WL, (k2 k). (43)
The above relation shows that, even in the absence of
noise, all other sub-carriers (besides k) will contain
non-zero terms, due to the LCL effects. These terms
are, further, affected by 1Q mismatch, according to
Equation 7.

Notice that for a noiseless channel, if the fre-
quency offset were zero, or if the samples were corrected

IQ Imbalance
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LPF - ADC~ i
2 (5 ; ;
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Figure 17. Model of a direct-conversion OFDM receiver
with 1(} imbalance and frequency offset.
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for any non-zero offset, Y, [k] would ouly contain non-
vero terms in sub-carrier k,. With 1Q} immbalance, there
would be non-zero terms at sub-carriers &, and -k,

The basic principle behind the estimation algo-
rithmn is to find a value for the frequency offset estimate,
such that the total power in all sub-carriers, except k,
and -k, is minimized. Toward that end, the following
cost function is defined:

Er= > ‘YLW]

k=—HK
k= by

2

(44)

The algorithi, therefore, works as follows:

Step 11 Lransmif a tone at the frequency w.+27k, A f;
Step 21 Select an initial value for 3

Step 31 Correct the received samples for frequency
oftset, 3

Step 41 Compute £ and choose a new estimate for 3,
with a reduced cost function, by moving in a
direction opposite to the gradient of £, with
respect to G

Step 31 If the algorithim has not converged with suffi-
cient desired accuracy, go to Step 3.

The algorithm above can be modified in a number of
ways to allow for faster convergence. For example,
the number of sub-channels in the transmitted OFDM
symbol, X, [k], which contain nou-zero terms, could
be increased. This, in turn, will result in larger 1CL
terms when frequency offset is non-zero. Lo addition,
in defining the cost function, a weight factor can be
attributed to the magnitude for each sub-carrier, such
that:

K
Ep= Y Clk|

k=—K
kE—kpky

AL

(45)

where C[k] is a positive real terni. T'he weight function
above can be specified so that only sub-carriers which
are closer to k, and, hence, are expected to have more
significant 1Cl values, would have larger values.
Figure 18 shows the average of the estimate of
the frequency offset, using the above procedure vs
the actual value, when the parameter 8 is changed
from -0.15 to 0.15 (corresponding to -9.4 ppm to 9.4
ppm offset for an AWGN channel at a relatively high
SNR). The plots show the results with and without 1
mismateh in the receiver mixer. With 1Q unbalance
present, the phase and gain imbalance parameters were,
again, set at 10° and 2 dB, respectively. Here, to obtain
the results, the transmit OFDM symbol was designed
to contain two pilot tones. A weight function was
designed so that the weight of the channel was lower
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Figure 18, Average of the frequency offset estimate vs
the true value.

the further it was from the pilots. Given the shape of
the cost function, with a unique minimum in the range
of interest, a variable step-size search mechanism was
utilized. Here, if the value of £ were higher for a
new value of 3, the step size would be lowered and 3
would be moved in a direction opposite to the previous
change. On the other hand, if £7 were lower, the step
size would remain the same and 3 would be moved 1
the same direction, This technique proved to result in
fast convergence of the algorithim.

The plots show that the algorithm produces
an unbiased estimate of the frequency offset in the
presence and absence of 1) mismateh., The standard
deviation of the estimate is also plotted in Figure 19,
which shows that the variance does not vary as the
frequency offset changes.  As mentioned previously,
onee an estimate of the frequency offset is obtained and
the samples are corrected, accordingly, an 1Q) imbalance
compensation algorithm can be applied.
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Figure 19. Standard deviation of the frequency offset
estimate vs the true value.
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PHASE NOISE

Noise and distortions at the output of the local oseilla-
tor could affect the performance of an OFDM system.
Such effects include VCO phase noise, harmonics of
the desired frequency or other unwanted frequency
components.  Of these, phase noise could hamper
the bit-error-rate performance of the conmununication
system quite adversely.

Phase noise is uwsually modeled by a Wiener
process (sometimes referred to as Brownian motion),
whose power spectral density is modeled by [19]:

— 'SU
1+ /B
where B is the 3-dB bandwidth of the oscillator signal

and Sy is a constant.
therefore, has a low-pass profile; a slope of -20 dB/

Su(f) (46)

The phase noise spectrur,

decade, generally observed in typical oscillator imple-
mentations.

To investigate the effect of phase noise on an
OFDM communication system, note that the received
signal can be written as:

ylt) = #(t)e? ", (47)

where, here, #(f) is considered to be ouly due to phase
jitter and not frequency offset. Lo the above relation,
the channel is assumed to be ideal and the phase noise
is considered to be the only distortion source. If the
value of #(f) is small, it can be approximated, using
the following relation:

eV 14 8. (48)

After sampling and OFDM demodulation, the sample
at the kth sub-channel is given by

Y (k) =X(k) + 71X (k)

. K ON-1
F2DT Dt (ke (49)

{=—K n=U
where:
R N
1= N ”z::U f(r]. (50)

The above relation shows that phase noise affects the
OFDM symbol in two ways.  First, a phase term
is added to all sub-carriers, which is observed as a
rotation of the symbol constellation. The second
effect is due to the third term on the RHD of Equa-
tion 49, which shows that phase noise disrupts the
orthogonality between OFDM sub-carriers and results
i inter-channel interference. The degradation in SNR,
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Imaginary

Real

Figure 20. Effect of phase noise on the demodulated
OFDM symbols [:uurma.liz-ed bandwidth = 0.1}.
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Figure 21. Effect of phase noise on the demodulated
OFDM symbols [:uurma.liz-ed bandwidth = 1}.

due to this term, clearly depends on the phase noise
bandwidth. This distortion effect will be observed in
the scattering of the symbols around their nominal
positions in the constellation space.

To illustrate the above points, ln Figures 20
and 21, symbol constellations, for an OFDM system
with IEEE RB02.11a parameters, are shown for two
cases, where the normalized bandwidths, with respect
to sub-carrier spacing, are 0.1 and 1, respectively. ln
both cases, noise power was set at 0.01. Notice that
when the phase noise bandwidth is relatively small,
symbols are rotated from their nominal positions.

As the bandwidth is increased (with the power
kept fixed), the low-frequency contents contribute less
and, hence, the amount of symbol rotation is decreased.
More significantly, the 1CL, due to high frequency
cotnponents, causes the symbols to be dispersed around
their ideal position. Figures 22 and 23 show the
resulting degradation in the system symbol error rate
for 16-QAM modulation, where about 2 orders of
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Figure 22. Effect of phase noise on the symbol error rate
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Figure 23. Effect of phase noise on the symbol error rate
[:uurma.liz-ed bandwidth = 1}.

magnitude increase in SER is observed at SNR of 13
dB.

The effect of phase noise is clearly reduced by
a careful design of radio components. o addition,
the low-frequency content of the phase noise can be
mitigated using the tracking algorithms for estimation
and compensation of the frequency offset, as described
in the previous section. Alternatively, the correction
term can be incorporated into equalizer taps, it an
adaptive equalizer, which would be designed to follow
a slow variation of the fading channel, were utilized. Lo
hoth cases, constant rotation of the constellation space
is measured using pilot-sub-channels, or by monitoring
the error between the received symbols and their
corresponding detected symbols in a decision directed
mode. Clearly, when the phase noise bandwidth is large
and the amount of 1CL is significant, the tracking or
adaptation algorithins are no longer effective.

Figures 24 and 25 showed demodulated symbols
when the tracking method described in the previous
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Figure 24. Effect of phase noise on the demodulated
OFDM symbols (normalized bandwidth = 0.1).
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Figure 25. Effect of phase noise on the demodulated
OFDM symbols (normalized bandwidth = 1.

section was in effect. 1t is observed in Figure 24 that
when the noise bandwidth is low, the algorithim can
adequately track phase variations and remove constel-
lation rotation. On the other hand, in Figure 25, little
iprovement in signal constellation is observed since,
as expected, 1CL, due to high frequency phase noise,
cannot be compensated by the tracking algorithm.
Figures 22 and 23 show the related effect on the SER.
While the SER. has been substantially improved in the
case of low-bandwidth (Figure 23), only a marginal
iiprovement is observed when noise bandwidth is high.

CONCLUSIONS

In this paper, the effect of receiver non-idealities on
the performance of an OFDM communication system
was investigated.  Specifically, issues related to 1Q
imbalance, frequency offset and phase noise effects
were studied and methods for the compensation or
witigation of such effects were discussed. ln each case,

S. Fouladifard and H. Shafiee

the proposed technigues were tested on an OFDM
communication system design, based on the IEEE
802.11a specifications for wireless local area networks.
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