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ABSTRACT

Zero-1F based OFDM transmitters and receivers are gaining
alot of interest because of their potential to enable low-cost,
low-power and less bulky terminals. However these systems
suffer from In-phase/Quadrature-phase (1Q) imbalances in
the front-end anal og processing which may have a huge im-
pact on the performance. We also consider the case where
the local oscillator suffers from carrier frequency offset. As
OFDM is very sensitive to the carrier frequency offset, this
distortion needs to be taken into account in the derivation
and analysis of any 1Q imbalance estimation/compensation
scheme. In this paper the effect of both transmitter and re-
ceiver 1Q imbalance under carrier frequency offset in an
OFDM system is studied and algorithms are developed to
compensate for such distortionsin the digital domain.

studied in [11], to the best of our knowledge, no general so-
lution has been proposed so far for the complete problem
combining CFO with both transmitter and receiver 1Q imbal-
ance.

This report is organized as follows. In section II, we de-
scribe the impact of 1Q imbalance and CFO in OFDM sys-
tems. In section lll, the basics of a suitable transmittet an
receiver 1Q imbalance and CFO compensation scheme are
explained. Section IV presents the various compensation al
gorithms. Our simulation results are shown in section V and
finally the conclusion is given in section VI.

2. IQIMBALANCE AND CFO MODEL

We analyze the effect of IQ imbalance in time and frequency
domain. Frequency domain signals are underscored, while

time domain signals are not. Signals are indicated in badd an
1. INTRODUCTION scalar parameters in normal font. Superscripts™ repre-

L i i i sent conjugate,transpose and Hermitian respectively.
Orthogonal Frequency Division Multiplexing (OFDM) is @ | general, IQ imbalance (both transmitter and receiver
popular, standardized technique for broadband wireless syjmpalance) can be characterized by 2 parameters: an ampli-
tems: it is used for Wireless LAN [1], Fixed Broadband {,de mismatche between the | and Q branch and a phase
Wireless Access [2], Digital Video & Audio Broadcasting orthogonality mismatcig.

3], etc. The complex baseband equation for 1Q imbalance effect

Recently, a lot of effort is spent in developing integrated on an ideal time domain signal vectois given by [12]:
cost and power efficient OFDM receivers. The Zero-IF ar-

chitecture (or Direct-Conversion architecture) is anaattr

tive candidate. As the name suggests, the Zero-IF architec- ri; = (cosA@+ jesinA@).r 4 (ecosA@— jsinAg).r* (1)

ture converts the RF signal directly to baseband or viceaver fig = a.f + B.r* )

without any Intermediate Frequencies (IF). The Zero-IFar- '~ ©° :

chitecture performs In-phase/Quadrature-phase (IQ) modyiih ()* the complex conjugate and

lation and demodulation in the analog domain. As aresult the

matching between the analog | and Q paths and their compo-

nents are imperfect. This leads to 1Q imbalance distortion a = cosAQ+ jesinA@ (3)

which significantly degrades the signal quality. B — £coshp— jSinAQ 4)
Rather than decreasing IQ imbalance by increasing the

design time and the component cost, IQ imbalance can also |t ng |Q imbalance is present, then= Ag = 0 and thus

be tolerated and then compensated digitally. Along with IQy — 1 andB = 0 and then (2) reduces te, =T.

Frequency Offset (CFO). The performance degradation dugey form a more tractable mathematical description of the

to receiver 1Q imbalance and CFO on OFDM systems haveg imbalance. For simulations, the more physically relévan

been investigated in [4] and [5]. Several compensation alparameterge, Ap) will be used.

gorithms considering either only receiver 1Q imbalance or  The |Q imbalance impact on the frequency domain signal

transmitter 1Q imbalance individually have been developediectorr = DFT{r} is:

in [6],[7] and [8]. Recently, joint transmitter and receiv® -

imbalance compensation algorithms have been proposed in

[9] and [10]. r
However, all the above mentioned algorithms ignore the -

problem of joint IQ imbalance at both transmitter and re-

ceiver along with CFO estimation and compensation. While

the combination of CFO with receiver IQ imbalance has been

— DFT{riq}
=DFT{a.IDFT(r)+B.IDFT(r)[*}  (5)

ro=a.r+prn"
~iq z n
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Here ()m denotes the mirroring operation in which the  Finally, if the channel is frequency selective, with fre-

vector indices are reversed, such thall] = 1 [Im] quency response, formula (9) can be generalized to:
Where{ :m = lz;L NI— ! IOV I=2.N Iig-c.co-Riq = Or-(IDFT(CxDFT (ap.r + B.r*))) « €271

, , , , , , + B;.(IDFT(CxDFT(a.r + f.r*)))* «e 1271
i.e.,Imis the mirror carrier of andN is the number of carriers -
in an OFDM symbol. (10)

When the impact of both transmitter and receiver 1Q im-

; ; . _ Thejoint effect of both transmitter and receiver IQ imbal-
E)%:gpce Is considered, equations (2) and (5) change as f%{nce along with CFO results in a severe ICI. Thus a digital

compensation is required which limits the achievable dpera
ing SNR at the receiver and the achievable data rates.

rTig-Rig = ar-(Qt.r + Be.r™) + Br(op.r + B.r)”

(04 BroB) T+ (B + Broa )t ®) 3. IQIMBALANCE AND CFO COMPENSATION

— * ) po Following the joint model from the previous section, foraul
r ar.0t + G .B7).r + (0. B+ Br.og™).r . on, 1
—Tig-Riq (ar-ae+pr-B) - (ar B+ Broa) m (10), we know that the received OFDM symbol in time do-

) . __mainis given as:
where @i, 3), (ar, Br) represent the transmitter and receiver g

IQ imbalance respectively.

If the transmission channel is frequency selective, it in-  ryiq.cqoriq = ar.px &2 4 B p*xe 2B (17)
troduces a filtering that should be included in formulas (6).
If the channel impulse response is shorter than the OFDMWherep = IDFT(cxDFT (a:.r + B.r*)). Equation (11) ex-

cyclic prefix, which is a standard assumption, formula (6) isyjicitly shows only the CFO and the receiver 1Q imbalance.
changed to: The channel filtering and the distortion due to transmit@r |
imbalance are hidden in the definition pfand so not con-
IigeRiqg =0r |IDFT(CxDFT (ag.r + B.r*)) sidered for the time being. '
- We now assume that the CFO can be estimated accurately
+ B (IDFT(c*DFT(a;.r + B.r*)))* in the OFDM system. In practice, several CFO estimation
L (7)  schemes indeed exist that are found to be sufficiently robust
r =(0ro.cH BB Cm)xr against the 1Q imbalance [11] and [13]. Thus, given a good
Tia-cRiq L, § estimate ofAf, we first perform an element wise multiplica-
+(ar-B.C+ B0t .Cm*) *I'm tion of the received distorted symbol in equation (11) with
the estimated negative frequency offsei?™ft, This re-
where %' denotes component-wise vector multiplication andsults in a vector; as follows:
c represents the channel’s frequency response.

Equation (7) shows that due to transmitter and receiver
IQ imbalance power leaks from the signal on the mirror car- .
rier (rm*) to the carrier under consideration)(and thus =ar.p+pB.pxe

—j2nAf.t
I'1 = I'Tig-c-cfo-Riq * € J
2j2mAf t (12)

causes Inter-Carrier-Interference (ICl). As OFDM is very =0r-p+prq
sensitive to ICI, 1Q imbalance causes severe performance Similarly, we also perform an element wise multiplica-
degé?ffé'%np'w s very sensitive to CFO, this distortion 41gotion of the complex conjugate of the received signal with the
, ; j2maf t o
needs to be taken into account. CFO occurs when there iSn8e19at|v.e frequency offset resulting in a vector; as
e . fOllows:
frequency deviation between the sine wave produced by the
receiver local oscillator and the transmitter local osdt.

_ In[11], it was shown that when CFO is present together , — (rTiq_C_Cfo_Riq)**e—jZHAf.t
with receiver IQ imbalance, the resulting baseband siganal ¢ ATt oAt oAt
be written as: = (ay.p xe T4 Bl px el TR x e 1R (13)
_ Br*.p_'_ar*.p**eijZr[Af.t

I foRiq = Or.f €2 B %@ 12T (®)

. . . = Br*p + ar*q
whereAf is CFO in the system artds the time vector.

For the case involving CFO as well as transmitter and  Both the signals; andr, consist of two contributiong’
receiver IQ imbalance, the above equation changes to: and ‘q’ scaled by different weighing factorgp”is called the
desired signal andy’ the undesired signal. Thisis because in
. frequency domain, the former gives rise to the desired §igna
I Tig-cfo-Riq =0r-(Ot.I + Br.r") while the latter yields a mirrorimage and causes ICI (beeaus

+Br.(ap.r + Br®) w2t of the complex conjugate), subject to leakage caused by the
oL ot (9)  exponential terme 2121 ),
=(ar.on.r +ar.B.r*)xe Transforming equations (12) and (13) to the frequency
+ (B0 r +Br.[3t*.r)*efJZHAf-t domain, we obtain:

L ei2naft
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Formula (19) and (21) can be combined into

r{ r2l_[p qf |4 B
[— —} [— —] B o (14) N . a B
Equation (14) can be written more explicitly for each {9“] P [lmq = [f“] r “m]} : B: a; (22)
component (frequency bin) 'I' of the OFDM symbol:
. From this it follows that the transmitted signdl] can be
[rl[l] rz[l]] - [p[l] Q[']}. ar P (15) . . o -
- - - - B ar obtained by taking an appropriate linear combinatiop [bff

From this it follows that the desired sign?[l] can be andﬁ*[lm]. By substituting the formula fop|l] andf)*[lm] in

obtained by taking an appropriate linear combinatiorll@i] the formulas (18) and (20),]I] can be obtglined directly as:

andry[l], i.e.
) * X[
ratd ] 5] < o0 a]. e B8] = [l rall 'l r2el] |9 oy
pll]

where the weightg|[l], @[], y[l], p[l] are derived from all the
_ K previously used weights. This formula demonstrates that a
=p[l]= rafl] r2[|]] . [)\] receiver structure can be designed that exactly compensate
- for the transmitter and the receiver IQ imbalances, the CFO

From the definition ofp it follows that p = ¢ and the channel effect. The coefficientd], @I}, y[l], p[l]
th P W 9 = can be computed from they, 3, ar, B, Af and c, if these

*
DFT(at.r +B.r*), hence are available. In the next section various algorithms are

explained which compensate the joint transmitter and re-
c[l]-(at.r 1]+ Be-rm™[I]) ceiver IQ imbalance along with CFO by the initialization of
- : an  XUwilviilell.

4. COMPENSATION ALGORITHMS

4.1 Least-Square Compensation
The Least Square (LS) estimate of the coefficient vector

p]

= pll]=

(el

10

where§[|] = (ar.r 1]+ Brm*[1])

By combining equations (16) and (17) we obtain: X[, w[I], vll], p[l] can be computed as [14]:
i) = [ral 2] K I (18) il
| - | [d, Wi = anram A @4
which means that by taking an appropriate (now frequency pll]

bin dependent) linear combination of|l] andr[l], signal
- - whereA[l] is the data matrix given far= K training symbols

~

p[l] is obtained which is only distorted by transmitter 1Q im-

Balance, i.e rl[l](l) r2[|](1) rl*“m](l) rz*[lm]<1>
p y | (2> y | (2> _*lm(Z) _*lm(Z)
plll = acr 1]+ Aorm’ ] = ar M+ Aot In]  (19)  Af= HU ”U ”[f r2 lIn]

wherely, is the mirror index of . f1[|']<K> rz[l-](K) rl*“:m](K) fz*[l.m](K)

In a similar fashion, an appropriate linear combination of = - = -

r1[lm] andr[Im| can then be found, i.e _ . - .
= - andd][l] is the desired data vector containing K transmitted

MM{wﬂuM]wﬂ (20) "@ining symbols

leading to a signab|l ] equal to
- Regularization can be used when it is required to combat
ill-conditioning in the data&\[l]. Thus depending on the num-

Pllm] = a1 [Im] + B.rm " [Im] ber of training symbol realizations of the above equation
N . can be collected to perform the LS estimation of the coef-
= 0.1 [lm] + Be.r *[1] (21) ficient matrix. The resulting coefficient vector can then be

ok substituted in formula (23) to obtain the transmitted OFDM

P [Iml =B r{I]+af.r Im] symbolr .



14th European Signal Processing Conference (EUSIPCO 2006), Florence, Italy, September 4-8, 2006, copyright by EURASIP

r{i] g ] N ?j Transmitter :71\711711;'17 );;1;: CFO
2] £ | OFDMmod | 2 IQ 3 Chaﬁl}ml 3 Noise &
‘ A -] distortion | | Receiver 1Q
| Sl ower || - L | Rayleigh | distortion” g
z| = rriq faang () orom
T,[N} % N A%§QQ§CIIC | ch L(ihﬁ‘d}llﬁl?]ii} I'Tig-c-CFO-Riq
— rall]
I e 7 , r1 1]
_CFO| T1 B0 < R ™
Serial | i v [N [T Equalizer -LS/RLS | OFDM .
0 - | (4 tap) i|Demod | |”
Parallel v | [ (2]
rl[ } | 1‘[[] = ! -
_> - [ ! Lol
Remove —ra[l] VL oxl] x e[l 4 [l * o))+ | Pz%rallel !
Cyclic ] - * UL A * 1 [] + Pl F o)) | | o2
Prefix e T rz"[1] ‘ - - Serial r[N]
1ot |ccro T2 E |07 == ™
| ; rz*[N

Figure 1: OFDM system with post-FFT compensation of trattemand receiver IQ imbalance with CFO.

4.2 Adaptive Equalization 5. SIMULATION RESULTS

We propose a training based system with 4 tap adaptivg ynical OFDM system (similar to IEEE 802.11a) is sim-
equalizer to compensate transmitter and receiver 1Q imbaljjated to evaluate the performance of the compensation
ance with CFO. The equalizer tapdl] can be updated adap- gcheme for transmitter and receiver 1Q imbalance under
tively to the coefficient vectox I], ¢/[l], y[l], p[l] by any of  cEQ . The performance comparison is made with an ideal
the standard adaptive algorithms. For our simulations Weystem with no front-end distortion and with a system with
have used the RLS scheme for its superior convergence progg compensation algorithm included. An end-to-end OFDM
erties. . - ._system with the compensation scheme is showFigure 1.
__The RLS algorithm to compute the coefficient vector isThe equalizer has four taps and the tap values are calculated
listed in Algorithm 1 [14]. To better illustrate the update ,sing one of the algorithms proposed in the previous section
equations, we use the time (pr |t.erat|0n) |ndeA§ a rgsglt It is noted that the receiver structure shown in Figure 1
letw(I]") represent the equalization vectors at time insant generalizes earlier structures for specific subproblenes: R

0 is the regularization factor which is a small positive con-grence [8] and [11] for instance apply to the compensation

stant. of CFO with either transmitter or with receiver IQ imbalance
Algorithm 1 RLS direct equalization with CFO but not both. In this case the output of any one FFT branch
For all the carriers in OFDM symbol I=1..N compute can be taken (instead of both outputs) as the compensation
Initialize the algorithm by setting can then be obtained with a two tap adaptive equalizer.
_ The parameters used in the simulation are: OFDM sym-
w[1]0=9 = 04,1 bol length ofN = 64, cyclic prefix ofCP = 16. There are

pli=0) _ 5-1, two different channel profiles: 1) an additive white Gaussia
- 4x4 noise (AWGN) channel with a single tap unity gain and 2)
For each iteration= 1...K compute a multipath channel with 4 taps where the taps are chosen
independently with complex Gaussian distribution. Every
channel realization is independent of the previous one and
u“](i) _ r1[|]<i) r2[|](i> rl*“m](i) r2*[|m]<i) the BER resqlts depicted are from averaging the BER curves
- - - - over several independent channels.
EW =d[N®O —w[Hi=Dyn® We consider IQ amplitude imbalanee= 5% and phase
pli-1)y110) imbalanceﬁqq: 5° at both transmitter and recejver. The CFO
_ W“](i—l) I _ U[_ ] _ g+ (¢ = AfNT) is assumed to be 0.32 where T is the sampling
1+ u[|]H(I>P('*1>u[|]<I) period. The IQ imbalance distortion taken are typical value
. _ P<"1>u[l]<'> - achievable in practical integrated circuit implementasio
pl) — pli-1) _ L _yHOpli-1) Figure 2 shows the performance curves (BER vs SNR)
1+ ufl]HOPIDu[)® for uncoded 64QAM OFDM system. With no compensation
. , scheme in place, the OFDM system is completely unusable.
At the end of the training the weightg]|] correspond to  Even for the case when there is only transmitter and receiver
the coefficient vectox[l], ¢[l],y[l],p[l]. The weightsw[l] |Qimbalance and no CFO, the BERis very high. For the case
symbolr (1] close to the ideal situation with no front-end distortion.

T
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Figure 2: BER vs SNR simulated for 64QAM constellation withiing length of 15 OFDM symbols in LS and RLS
solutions, transmitter phase imbalancé\gf = 5°, transmitter amplitude imbalance af= 5%, receiver phase imbalance of
Ag = 5°, receiver amplitude imbalance gf= 5% and CFO of, =0.32({ = AfNT)
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