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Preamble-Assisted Estimation for Frequency-Dependent I/Q
Mismatch in Direct-Conversion OFDM Receivers

Ming-Fu SUN'?, Student Member and Terng-Yin HSU™, Nonmember

SUMMARY In direct-conversion orthogonal frequency division multi-
plexing (OFDM) receivers, the impact of frequency-dependent I/Q mis-
match (IQ-M) with carrier frequency offset (CFO) must be considered.
A preamble-assisted estimation is developed to circumvent the frequency-
dependent IQ-M with CFO. The results of a simulation and an experiment
show that the proposed method could provide good estimation efficiency
and enhance the system performance. Moreover, the proposed scheme is
compatible with current wireless local area network standards.

key words: carrier frequency offset, direct-conversion receiver, I/Q mis-
match, orthogonal frequency division multiplexing (OFDM), wireless local
area network (WLAN)

1. Introduction

Orthogonal frequency division multiplexing (OFDM) is a
spectrally efficient technique for high-speed wireless com-
munications. OFDM systems are, however, susceptible
to imperfect synchronization and non-ideal front-end ef-
fects, which cause serious performance degradation. Most
OFDM systems are highly sensitive to carrier frequency off-
set (CFO), which is the frequency mismatch of local oscil-
lators between the transmitter and the receiver. CFO intro-
duces inter-carrier interference in OFDM systems due to the
loss of orthogonality between sub-carriers. Recent research
has also focused on developing monolithic OFDM receivers,
particularly low-cost technology. Direct-conversion archi-
tecture is one potential candidate for simple integration
among different architectures. However, direct-conversion
receivers suffer from mismatch between the I and Q chan-
nels, such as I/Q mismatch (IQ-M) of non-ideal radio fre-
quency (RF) circuits [1]-[3]. Specifically, IQ-M arises when
the phase and gain differences between I and Q branches are
not exactly 90° and 0 dB, respectively. IQ-M introduces the
image interference into the desired signal which degrades
the system performance.

Due to the impairment in the analog components, the
low-pass filters (LPFs) of I and Q channels are not identi-
cal. The mismatched LPFs result in frequency-dependent
1Q-M. Frequency-dependent 1Q-M means that the imbal-
ances can vary with frequency. In an OFDM system with
frequency-dependent 1Q-M, the 1Q-M parameters for every
sub-carrier are different. Several schemes have been pro-
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posed to estimate constant IQ-M [4]-[7]. Although these
methods can work well under constant 1Q-M, they do not
consider non-ideal LPFs and CFO phenomenon. Therefore,
these methods are not robust to frequency-dependent 1Q-
M and CFO. Estimation for frequency-dependent IQ-M has
also been studied in the open literature [8]-[11], [14], [17].
The effect and analysis of frequency-dependent 1Q-M are
given in [8],[9]. Xing et al.[10] presented a method for
frequency-dependent IQ-M. An optimal training sequence
for frequency-dependent IQ-M has been proposed in [11].
However, these two methods have specific packet formats,
making them incompatible with current wireless local area
network (WLAN) standards, such as IEEE 802.11a/g [12],
[13]. Cetin et al. proposed an adaptive self-calibrating image
rejection receiver [14]. This method needs a long converged
time. Therefore it is not suitable for packet-based WLAN
systems because the packet length is always limited.

In practice, frequency-dependent IQ-M and CFO
arise simultaneously. However, only some references
consider the frequency-dependent 1Q-M with CFO. This
study mainly concentrates on the estimation of frequency-
dependent 1Q-M with CFO. To maintain and realize sys-
tems with imperfect front-end modules, a preamble-assisted
estimation scheme is developed. Simulation results show
that the performance loss is in the range of 1.6 to 1.8dB
at 107 bit error rate. Experiment results demonstrate that
the proposed method could overcome joint impairments of
frequency-dependent IQ-M and CFO, enabling a high per-
formance receiver. The remainder of the paper is organized
as follows. Section 2 introduces the system model. Sec-
tion 3 then presents the proposed method. Simulation and
experiment results are shown in Sect. 4. Conclusions are fi-
nally drawn in Sect. 5.

2. System Model

Figure 1 depicts the block diagram of a direct-conversion
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Fig.1  Direct-conversion receiver with I/Q mismatch and CFO.
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Fig.2  16-QAM constellation. (a) Without I/Q mismatch. (b) Gain error:
1 dB, Phase error: 10°.

architecture. The received RF signal is down-converted to
baseband, and then filtered out by the LPFs. Let r(n) and
w(n) be the received signal and additive white Gaussian
noise, respectively. The baseband signal with CFO Af and
1Q-M is given by [8], [10]

y(n) = ((Ou,l/(n) + ’8*6(”)) ® r(n)) ej27r~Af-nTs
+ ((By(n) + @ E(n)) ® r'(n)) e 2 AT
+ w(n) )

where @ and S denote the constant IQ-M parameters, and
Y¥(n) and &(n) represent the frequency-dependent 1Q-M pa-
rameters. Note that the phase rotation is inversed in the di-
rection between original signal and the conjugate signal if
the CFO is present. The signal r(n) can be further expressed
as r(n) = h(n)® x(n), where x(n) and h(n) are the transmitted
signal and channel impulse response, respectively. The sym-
bol “®” represents the convolution operator. From Eq. (1),
the received signal can be regarded as the original signal
added to the conjugate signal. The constant IQ-M parame-
ters are expressed as [S]-[7]

@=05(1+(1+g)e)
B=05(1-(1+¢&)e”) (2)
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where € and ¢ denote the constant amplitude and phase mis-
match, respectively. If neither gain nor phase error exists,
a remains at unity, and 8 decreases to zero. Moreover, the
average filter response and response mismatch are defined
as [8],[10]

Y(n) = 0.5(i(n) + lp(n))
&(n) = 0.5 (I;(n) — lp(n)) 3)

where /;(n) and [p(n) denote the LPFs of I and Q channels.
If the LPFs of I and Q channels are identical, the response
mismatch can be ignored. The effect of constant IQ-M on
the 16-QAM constellation is depicted in Fig.2. As a result
of the IQ-M, the constellation is distorted severely. It im-
plies that IQ-M can limit the ability of the receiver to achieve
sufficient performance especially for high constellation size,
e.g., 64-QAM constellation.

3. I/Q Mismatch Estimation

Our goal is to estimate the frequency-dependent 1Q-M with
CFO. The basic strategy for extracting IQ-M parameters is
to employ long training symbols. The packet format used in
this method is based on IEEE 802.11a/g standards. Let x(n)
denote a long training symbol distorted by 1Q-M and CFO,
as defined in Eq. (1). After N-point fast Fourier transform
(FFT), the received signal is given by

Y, = FFTy {y(n)}
= At (ReDy + ICL) + By (R7,D_i + ICLy) + W(K)

= Av (X Dy + ICI) + By (H* X", Dy + ICI_;)
+ W(k) “)
where Dy is the distortion which is accompanied with inter-
carrier interference (ICI) due to CFO [15]. X, is the data
sub-carrier and H, stands for the channel frequency re-

sponse (CFR). Both X_; and H_; denote the frequency mir-
ror image parts. A; and By can be determined by

A = FFTy {ay(n) + B7E(n)}
By = FFTy {By(n) + " &(n)} (5)
The variables Dy, D_;, ICI; and ICI_; are defined by
(sin 7w) (N
D, = Jnw(N=-1)/N 6
: {N(sinnw/N)} ¢ ©
(sin rw)

D, = JR-w) N=D/N 7
« {N(sinmu/N)}e ™

K .
(sinrw)
ICl= Y XH
g k-Z‘K ! ’{N(sinn(Z—k+w)/N)}
Tk
. eI @(N=D/N ,=jr(=k)/N (8)

K .
. — (sinrw)
ICly=Y X'H
¢ k_Z_:K ! ’{N(sinﬂ(l—k—w)/N)
I£—k
. /T =OWN=DIN = (=N )
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where w is the normalized frequency offset, ie., w =
Af/(1/NTy). Equation (4) clearly indicates that 1Q-M
results in a mutual interference between symmetric sub-
carriers in OFDM systems, as shown in Fig.3. Let x(n)
and x(n + Nj) represent two consecutive long training sym-
bols, as defined in Eq. (1), where N, is the samples of a long
training symbol. In practice, IQ-M not only introduces un-
wanted image interference into the desired signal, but also
restricts the accuracy of CFO estimation. A basic strategy
for computing the CFO is to employ two repeated training
symbols [15]. However, the estimation error increases when
the gain or phase error is not zero. In [16], a pseudo-CFO
(P-CFO) algorithm, which rotates three training symbols by
adding extra frequency offset into the received sequence, is
developed to improve CFO estimation. Since the P-CFO
method can estimate the frequency offset more accurately
than the two-repeat preamble-based scheme, it is adopted
to estimate the CFO value in this work. The two training
symbols are then rotated by the estimated CFO. Because the
long training symbols are periodic, the received signals, r(n)
and r(n + N)), can be replaced by r(n). Therefore, the fol-
lowing equations hold:

x(n)e*j(hAfnTx) —x(n+ N)e~ JRrAf(n+N)T,)
e~2J@rAfnTy) _ p=2j2rAf(n+N)Ty)

yi(n) =

Channel Frequency Response

Fig.3  Mutual interference due to I/Q mismatch.
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= (By(n) + a’é(m) ®r'(n) (10)
()t e~ JCTFIT) x4 N,y e~ JRASNT,)
ya(n) = o 2JRAfHT,) _ g-2)CrAfN)T,)

= ((ay(n) + 7€) @ r(n))” (1)
The IQ-M parameters can be obtained as follows.

By _ FFTy {y1(n)}
A*,  FFTy{ypm)}

12)

Equations (10) and (11) indicate that the two training sym-
bols are multiplied by the estimated CFO and then are sub-
tracted to eliminate the image interference. Once the 1Q-
M parameters are estimated, the effect of IQ-M could be
corrected by the frequency-domain compensation. With the
estimated 1Q-M parameters, the frequency domain compen-
sation is given by

7, = FFTy {x(n)e—J(ZﬂAfnTs)} _ A_*kFFTN {x* (n)e—j(ZﬂAfnTs)}
-k

BkBik
= A - H X, (13)
AT,
—_———

compensation gain

The compensation gain could be balanced by the channel
equalizer. Moreover, the proposed method could be directly
applied to IEEE 802.11a/g standards because it does not re-
quire any special packet format.

In the open literature [9], [11], [17], most of them con-
sider the IQ-M only. Therefore, these methods may not
be suitable for joint CFO and 1Q-M. In other words, these
methods can tolerate slight CFO value. By contrast, the pro-
posed method is capable of tolerating large CFO value. In
the condition of slight CFO value, the inter-carrier interfer-
ence is smaller than large CFO value. For instance, if the
estimated CFO value is within +2 ppm, the existing meth-
ods [9],[11],[17] for frequency-dependent 1Q-M could be
adopted. In the frequency domain, phase tracking is still
performed. Since some rotation operations (CFO estimation
and compensation) are eliminated, this approach can main-
tain the system performance with reasonable complexity.

_ 6—2 JQ2aAf (n+Np)Ty)

Frequency
Domain

FFT ) 1Q-M —) Equalizer

Compensation

Bk / Aj k

Fig.4 The proposed frequency-dependent IQ-M estimation architecture.
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Figure 4 shows the frequency-dependent [Q-M estima-
tion architecture. The estimator begins to work when long
training symbols (preambles) arrive. Firstly, the long pream-
bles are rotated by the estimated CFO. To reduce the image
interference due to the IQ-M effect, the first training sym-
bol should subtract the second training symbol. At the same
time, the conjugate preamble follows the same procedure
described above. After calculating the difference between
the first and the second preambles, a complex divider is
used to eliminate the phase rotation. Finally, these estimated
parameters are applied to compensate for the frequency-
dependent IQ-M in the frequency domain.

4. Simulation and Experiment Results

On both the simulation and experiment results, the CFO
compensation scheme in [16] is applied. A typical OFDM
system for wireless LAN is adapted as the referred specifica-
tion to evaluate the performance [12], [13]. Similar to [EEE
802.11a/g [12], [13], the parameters of the system employed
are as follows: FFT size is 64; the cyclic prefix (CP) con-
tains 16 samples; system bandwidth is 20 MHz; the carrier
frequency is 2.4 GHz. The packet format is shown in Fig. 5.
The preamble includes two parts. The first part is composed
of 10 repetitions of a short training signal with a symbol pe-
riod of 0.8 us. The second part of the preamble consists of
one cyclic prefix with 1.6 us and two successive long pream-
bles. The period of a long preamble is 3.2 us.
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legend means that the estimation scheme is applied to the
system with frequency-dependent IQ-M and “constant 1Q-
M’ means that the estimation scheme is applied to the sys-
tem with constant 1Q-M. Figures 6 and 7 show that the
degradation in BER and PER owing to IQ-M was signifi-
cant, particularly for 64-QAM modulation. After compen-
sation, the performance under the condition of constant I1Q-
M was close to the case with multipath only. The SNR loss
of the proposed scheme for frequency-dependent 1Q-M is
in the range of 1.6 to 1.8dB at 10~* BER. This finding im-
plies that the proposed method is robust to the conditions
of both frequency-dependent IQ-M and CFO in fading envi-

oy
- !
10l N e
Q::,‘/ 17T e ~
P18y Homge )
l"/\‘t.‘ oGS
Moo, Bt oot VSR
3
-2 ~ R,
10 <Yy
o Ry
w \‘. \,:.“'
o \’ ‘s /\,
N
A RENS 1.6 dB
3 RS
10 TR

=9- 16QAM, multipath only
=X~ 16QAM, without comp.
-&- 16QAM, FD IQ-M

-8- 16QAM, constant IQ-M
—o— 64QAM, multipath only
4|| =6 64QAM, without comp.
—a— 64QAM, FD IQ-M

—8— 64QAM, constant IQ-M

20

\

\ b

30

10’

15

SNR [dB]

The number of taps of frequency-selective fading is of Fig.6 BER performance of 16-QAM and 64-QAM modulation.
order 8, simulating as an i.i.d. complex Gaussian random
variable. All data are modulated by 16-QAM and 64-QAM.
The CFO is set at 50 ppm, and the constant IQ-M parameters 1 s ) x
. o € ol a3
are 1 dB gain error and 10° phase error. Two-tap FIR filters b 'f o 3 ;
are adopted to model the frequency-dependent IQ-M [10]. ™ 8 TR 9y i
These two LPFs are modeled as s ‘\‘ T N o
\\\ \\\ Al VARV
li(n) =0.16(n) + 6(n—1) R :
" e Va, 1.8dB
lp(n) = 0.016(n) + 0.96(n — 1) (14) i NN
\V\ N AN
The Z-transform results of these two LPFs are L;(z) = _1 AN R\\:\
0.1 + z7! and Lp(z) = Q.Ol + 0.9z7!, respectively. Fig- 0 3 oo et ony ‘\;\\“\ \ N
ures 6 and 7 show the bit error rate (BER) and packet er- o 160AM, consiant G VNN
ror rate (PER) performance. In these two figures, the fol- e SAGAM et on \‘» \‘h\\ -
lowing scenarios are considered. “Multipath only” legend T o e M \
refers to the system with perfect RF front-end and “with- 15 20 25 30
out comp” means that the estimation scheme is not applied SR (Bl
to the system with frequency—dependent IQ-M. “FD IQ-M” Fig.7 PER performance of 16-QAM and 64-QAM modulation.
| Preamble | Signal Field | | Data Field |
-~ - = — —_—
- = —_—
Pad 10*0.8=8 b 1.6+2*3.2= ==
|S1|Sz|S3|S4|55|SG|S7|SS|SQ|S10| Gl | L1 | L2 |
Short Preamble Long Preamble

Fig.5

The packet format.



2430

Constellation and
EVM test

I

RF module

Fig.8 Experiment setup for verification.

Table 1  Experiment parameters.
Parameters Value
RF carrier frequency 2.4 GHz
RF power level —40 dBm
ADC/DAC resolution 14 bits
(DFFT 64 points
Modulation 16 QAM

ronments.

Figure 8 displays the experiment setup for verification.
Table 1 lists the experiment parameters. The in-house RF
front-ends are used in the transmitter as well as in the re-
ceiver. Therefore, there is also IQ-M at the transmitter part.
Some compensation methods for transmitter IQ-M are avail-
able in the open literature [5], [18]. Since our goal is to es-
timate the receiver IQ-M with CFO, the pre-compensation
scheme is applied to reduce the transmitter IQ-M effect. The
basic concept is that a training sequence is utilized to esti-
mate the IQ-M. After calculating the IQ-M parameters, the
transmitter can compensate for the transmitter IQ-M using
the baseband processing. The CFO is set at 50 ppm. The
constant IQ-M parameters at the receiver part are 1 dB gain
error and 10° phase error. At the receiver part, we assume
the frequency-dependent IQ-M. The impulse responses of
these two LPFs are [;(n) = 0.16(n) + 6(n — 1) and lp(n)=
0.016(n) + 0.96(n — 1), respectively. In the verification plat-
form, the functions implemented as the baseband processing
include timing synchronization, CFO estimation, IQ-M esti-
mation, channel estimation, phase tracking, and the forward
error correction (FEC) decoder. The proposed method is
mapped onto the FPGA chips (Xilinx XtremeDSP, Virtex-II)
with on-board 14-bit digital-to-analog converters (DACs) to
convert the digital data into analog signals. At the transmit-
ter part, the transmitted data are produced using MATLAB
and then these data are stored in memory. The signals are
then transmitted via an in-house RF front-end. After down-
converting the RF signals to baseband at the receiver, ana-
log signals are fed into 14-bit analog-to-digital converters
(ADCs). The proposed algorithm then processes the down-
converted signals.

Figure 9 shows the constellation performance before
and after compensation. The performance improvement is
clearly seen because the constellation becomes more distin-
guishable after compensation. After IQ-M compensation,

IEICE TRANS. COMMUN., VOL.E92-B, NO.7 JULY 2009

(b)

Fig.9  Measurement of constellation diagram: (a) Before compensation.
(b) After compensation.

the remaining IQ-M parameters are less than 3% (0.13 dB)
gain error and 2° phase error. In the proposed design, only
two long training symbols are acquired to estimate the 1Q-
M parameters. If there are more training symbols than cur-
rant standards, the accuracy of the IQ-M parameters could
be improved further. The error vector magnitude (EVM)
after compensation is 8.6% (—21 dB), meeting the standard
(IEEE 802.11a/g) allowed 11.2% (—19 dB). The image re-
jection ratio (IRR) as a function of the mismatch is given by
[19]

1+(1+£)*+2(1+¢) cos()

IRR (dB)=10 - 1
(AB)=10-log | 4 o 217 e) coste)

15)

where € and ¢ represent the amplitude and phase mismatch,
respectively. After compensation, the remaining gain error
and phase error are ~3% and ~2°. An IRR of ~31dB is
achieved. Figure 10 shows the estimated CFR. The CFR
after compensation becomes more smoother than the dis-
torted CFR. In conjunction with the proposed scheme, ac-
curacy CFR could be calculated. The proposed method is
compatible with current standards. In contrast, recently pro-
posed methods [10], [11] are incompatible with current stan-
dards. In addition, the proposed method can estimate the
frequency-dependent 1Q-M with CFO, whereas reference
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methods [9],[11],[14],[17] consider frequency-dependent
1Q-M only.

5. Conclusions

This study develops a preamble-assisted method for com-
bating the frequency-dependent 1Q-M with CFO in direct-
conversion OFDM receivers. The frequency-dependent 1Q-
M with CFO can be estimated by taking advantage of the
relationship between desired sub-carriers and image sub-
carriers. Both simulation and experiment results indicate
that the proposed method can meet system requirements
by preventing frequency-dependent IQ-M from significantly
degrading the performance. Furthermore, this method is
compatible with current standards because it does not re-
quire special packet formats.
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