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Abstract—Zero-IF transceivers are gaining interest because of their po-
tential to enable low-cost OFDM terminals. However, the Zero-IF archi-
tecture introduces 1Q imbalance which may have a huge impact on the
performance. Rather than increasing component cost to decrease the I1Q
imbalance, an alternative is to tolerate the IQ imbalance and compensate
it digitally. Current solutions require extra analog hardware at the trans-
mitter. In this paper, we analyze the transmit IQ imbalance estimation and
propose a low-cost, highly effective estimation scheme, which is fully digital
and located at the receiver. Performance analysis shows that this scheme
can provide up to 4 dB gain while meeting the IEEE 802.11a constella-
tion accuracy specification and more if larger IQ imbalance is present in
the transmitter. It therefore enables the design of low-cost, low-complexity
OFDM modems.

I. INTRODUCTION

OFDM is a widely recognized and standardized modulation
technique [1], [2]. Unfortunately, OFDM is also sensitive to
front-end non-idealities [3]. This sensitivity leads either to
heavy front-end specifications and thus an expensive front-end
or to large performance degradations. 1Q imbalance has been
identified as a key front-end effect for OFDM systems.

Therefore, we investigate the IQ imbalance estimation and
compensation and introduce a low-complexity compensation
scheme to combat the IQ imbalance. Current transmitter IQ im-
balance solutions use calibration, such as in [4], [5] and the ref-
erences listed there, require extra analog hardware, which needs
to be carefully designed in order not to introduce any IQ imbal-
ance itself. This is done to meet the constellation accuracy spec-
ification e.g. in the WLAN standards. However, even if these
accuracy specs are met, we will show that the performance can
suffer a 4 dB degradation.

In this paper, we propose an all-digital, low-complexity trans-
mitter 1Q imbalance compensation which converges within 1
OFDM training symbol. The compensation is done at the re-
ceiver and is fully digital. Thus it does not require any additional
analog hardware, contrary to existing solutions.

II. IQ IMBALANCE

This section introduces the IQ imbalance model and its im-
pact on OFDM.

A. Effect/Model

IQ imbalance can be characterized by 2 parameters: the am-
plitude imbalance e between the I and Q branch, and the phase
orthogonality mismatch A¢. The complex baseband equation
for the IQ imbalance effect on the ideal time domain signal r is
given by [6] as

(1+€)cos ApR{r} — (1 +¢)sin ApS{r}
J(1 =€) cos AgS{r} — (1 — ¢€) sin A¢pR{r}] (1)
= (cosA¢+ jesin Ag) -r + (ecos Agp — ysin Ag) - r*
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with riq the time domain signal with IQ imbalance, () denotes
the real part, () the imaginary part and ()* the complex conju-
gate and

cos A¢ + jesin A¢ 3)
ecos Agp — ysin A¢ @

o =
B

Frequency domain signals are underscored, while time domain
signals are not. Signals are indicated in bold and scalar parame-
ters in normal font.

Throughout the rest of the paper, the term IQ parameters
refers to « and 3 for calculations and estimations ; to indicate
physical parameters, however, we use the more direct € and A¢.

We also analyze the effect of the IQ imbalance in the fre-
quency domain. If r = FFT{r}, then applying the 1Q imbal-
ance (2) on r and transforming the time domain signal to the
frequency domain leads to

r,, = FFT{a-IFFT(x)+ 3 -[IFFT(r)]"}
= ar+f-ry ©)
where r;, is the OFDM symbol with IQ imbalance and r,,

the OFDM symbol, mirrored over the carriers: (r),, (i) =
(r)(mod(Ns.—i+2, Ny.)), with N, the number of sub-carriers
in the OFDM symbol, 1 < ¢ < N and mod the modulo opera-
tion. Carrier 1 is the DC carrier.

In this paper we focus on IQ compensation for bursty com-
munication, for which channel estimation is performed on the
basis of a known training symbol. Both IEEE802.11a [1] and
HIPERLAN-II [2] provide such a Long Training Symbol (LTS)
(BPSK symbol t) in the preamble. The effect of IQ imbalance
on channel estimation can be calculated based on (5)

h = t-[clat+fty,) +n]
= cla+6-t'|+t-n ©)

where h is the channel estimate calculated from the LTS, c is the
exact channel vector, n the AWGN noise vectorandt’ =t - t,,.

B. Estimation

From (6) the corrected channel response is easily derived as
(making abstraction of the noise)

h

T +_ﬂ v @)

¢ =

This equation allows us to compute the corrected channel re-
sponse ¢ based on the measured channel response h and the IQ
imbalance parameters (a,(3).
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Fig. 1. The effect of IQ imbalance and correction on channel estimation.

The estimation of « and 3 is based on the information that the
corrected channel response should have a smooth channel char-
acteristic: since the coherence bandwidth of the channel is (a
lot) larger than the inter-carrier-spacing in a WLAN system, the
channel response does not change substantially between succes-
sive frequency taps (the x-line in figure 1). With IQ imbalance,
sharp transitions occur in the measured channel response h due
to the [ degradation term (the o-line in figure 1). Thus, cor-
recting the 1Q imbalance means making the channel response
’smooth’ again. Therefore, we select the set of IQ parameters
(a, B) which renders the corrected channel response ¢ as smooth
as possible ; in other words we minimize the Mean Square Error
(MSE) between consecutive channel coefficients

MSE =Y [&, — & ®)
l

To minimize the MSE we derive (8) towards (3, as follows

OMSE 0,184 — &
op N op
h h 2

A4

_ Z i offt,
= : o5

L))
a+ﬂ'§i

uy vy 2
—_— ———
9 athy ) — hl)+ﬂ(t_/lhl+1 — t_/l+1hl)
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The denumerator in the optimization will not vary much as a
function of 3, allowing it to be considered as a constant when
minimizing towards (3. Thus

OMSE dlan; — Bvi|?
a8 zl: BJe]
_ Aallwl?) | (B awvy)
-2 o
A Bujvy) | A(B°vil*)
+ o3 + a3 ) &)

At this point in the derivation we assume « and 3 to be inde-
pendent. Since « and /3 both depend on € and A¢ (3 and 4) this
estimation is not completely optimal as it ignores this extra in-
formation. The validity of this approximation is verified through
the simulations.

For the derivative to (3 to exist, we need to solve the Cauchy-
Riemann equations. As the MSE is always real, the equations
reduce to

> Ol |wi|*+8* awyv] +a* Buf vi+| 8] vi|?
! (10)

OB
Z _Ja\a\z\u,|2+ﬂ*au;vl*+a*ﬂu;‘vl+\ﬁ\2|vl\2
l .

i

Solving both equations for 3, and §; (3 = 3, + 503;) leads to

5 R{au]v;}

ﬁr = 7212 I 12 ~ ~ ~ Z a*uyv;
; by = B=h B = St
R oft 1 > vl

Approximating a* ~ 1 and resubstituting u; and v; gives us
the MMSE estimate of 3

j = -2 (b —hy) (b, — ¢ by
Sultih, —t by

An estimate of « is derived based on the estimate of 3 (12).
This can be done because both complex 1Q parameters depend
on the scalar IQ parameters € and A¢. Therefore, once we ob-
tain an estimate of the complex parameter (3, its real and imag-
inary part contain sufficient information to calculate € and Ag,
or equivalently, the real and imaginary part of c.

From (3) and (4) we derive

(12)

R{a} = cosA¢
Sa} = esinAg
R{B} = ecosA¢p
B} = —sinA¢
This means
RlajS{a} = —R{BIS{B} (13)
B+ R%{a} = 1 (14)

Solving equations (13) and (14) for *{a} and I{a} leads to

Rla} = V1-57(8)
oy~ RO
=375}

and thus

15)

& =1/1 _32{3} -7 %{ﬂ}%{ﬂ}

1-S2{3}

Figure 1 shows that we can correct the influence of the IQ im-
balance on the channel estimate extremely well using (7)-(12)-
(15): the corrected channel response (the A-line) coincides (al-
most) perfectly with the exact channel response (the x-line).
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Fig. 3. Overview of the IQ estimation and pre-compensation.

C. Compensation

This estimation algorithm provides us with a corrected chan-
nel response and an estimate of the IQ parameters o and (3 (or
equivalently € and A¢). Since € and A¢ and thus « and (3 are
typically static over many symbols, we can use their estimates
from the channel correction also for the correction of the IQ im-
balance on the data.

At the receiver, we first correct the channel impact by equaliz-
ing the data. To compensate the IQ imbalance on the equalized
data re,, we need to derive a frequency-domain IQ imbalance
correction. This can be found by solving equation 5 for r as

~ o ar- Loq — ﬂ : (Keq)jn
Epost - N ~
|&f? —[5]?

The block diagram of this scheme is shown in figure 2. To assess
the performance of the IQ imbalance estimation/compensation
scheme, we performed simulations for coded (R=3/4 from the
IEEE 802.11a standard) 64QAM in a multi-path environment.
The multi-path channel consists of 4 independent equal power
Rayleigh fading taps.

The performance of this post-compensation scheme is shown
in figure 4. The impact of transmit IQ imbalance remains below
1 dB implementation loss at a Packet Error Rate (PER) of 10%
for IQ imbalances below (2%,2°), but rises quickly for higher IQ
imbalance as indicated by the ’x’-line. The post-compensation
schemes (shown by the ’0’-line) reduces the remaining degrada-
tion below 1 dB for IQ imbalances up to (6%,6°) and compen-
sates IQ imbalance of (10%,10°) with an implementation loss
of 3 dB. The increasing implementation loss with increasing 1Q
imbalance comes from the fact that the IQ imbalance is compen-
sated based on the equalized data stream. As OFDM uses zero-
forcing equalization, it suffers from noise enhancement. There-
fore, also the IQ imbalance post-compensation gets distorted by
this noise enhancement.

An alternative solution to avoid the performance degradation
of the post-compensation scheme for high IQ imbalance is to
pre-compensate the IQ imbalance at the transmitter, by feeding
back the IQ imbalance estimates to the transmitter as shown in
figure 3.
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Fig. 4. Performance of the IQ estimation and compensation scheme.

To pre-compensate the IQ imbalance on the time domain data
signal r at the transmitter, we need to apply a time domain cor-
rection, equivalent to the frequency domain correction in equa-
tion 16

a* -r—/[;’-r*
&> — |57

After pre-compensation, only the difference between the esti-
mated IQ imbalance and the actual analog 1Q imbalance appears
at the output of the transmitter. As our estimation is very accu-
rate this error is very small and thus the remaining degradation
as well. Moreover, as the compensation is applied before the
noise is added to the link, the IQ imbalance pre-compensation
does not suffer from the noise enhancement.

The drawback of the pre-compensation method is the delay
caused by the feedback of the IQ imbalance estimations (d,B)
to the transmitter: as the parameters are estimated at the re-
ceiver based on the preamble of the data burst, the IQ imbal-
ance cannot be precompensated on that burst, but only starting
from the following burst. Therefore, the first burst will most
likely be received erroneously resulting in a throughput penalty.
However, this first burst loss can be overcome by applying post-
compensation on the first burst and pre-compensation on all the
following bursts.

A7)

Tpre

D. Interpretation of the results

For 64QAM the most stringent constellation accuracy re-
quirement applies [1]. However, this still allows up to
(2.8%,2.8°) 1Q imbalance. As can be seen from figure 4, this
causes a extra PER performance degradation of 4 dB, which can
be reduced even by the post-compensation scheme to 0.2 dB.
Therefore, our scheme can bring up to 4 dB in performance gain
for standard-compliant modems and even more if the constella-
tion accuracy requirement is relaxed.

The low remaining degradation after the pre-compensationin-
dicates that the estimation accuracy is near-optimal.

The IQ estimation/compensation algorithm requires no extra
analog hardware and a very small additional digital complexity.
The IQ imbalance may occur anywhere in the receiver, because
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the RF, LO and baseband contributions are jointly estimated and
compensated.

Since the IQ estimation only requires a known Training Sym-
bol, this scheme is applicable to any system which uses a Train-
ing Symbol to estimate the channel (e.g. Wireless LAN [2],
[1] and Broadband Fixed Wireless Access [7]). Moreover, the
scheme is also independent of the data that follows the Train-
ing Symbol. This means it is applicable to any constellation size
and to OFDM as well as Single-Carrier with Frequency-Domain
Processing.

III. CONCLUSIONS

In this paper, we introduced a low-complexity estima-
tion/compensation scheme that tackles the 1Q imbalance caused
by Zero-IF transmitters. The estimation scheme is located at the
receiver and is fully digital. It converges on one OFDM training
symbol. For standard-compliant modems, it can improve per-
formance by 4 dB without any overhead and relax the IQ imbal-
ance design specs. For larger transmitter IQ imbalance, the gains
are increasing rapidly still without any additional overhead and
even more if some limited feedback to the transmitter is pos-
sible. In conclusion, our estimation/compensation scheme en-
ables the design of low-cost, low-complexity OFDM modem:s.
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