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ABSTRACT

Implementation of OFDM-based systems suffers from In-phase
and Quadrature-phase (1Q) imbalances in the front-end analog pro-
cessing. The resulting distortion due to 1} imbalances can limit the
achievabie operating SNR at the receiver, especially when space-
time coding is used for enhanced received SNR. In this paper, the
effect of 1Q imbalanees on an OFDM-based system with Alamouti
coding is studied and an efficient receiver with compensation for
IQQ imbalances is then derived. Significant performance improve-
ment is achieved by using the proposed receiver compared to a
standard receiver with no compensation for H) imbalances.

1. INTRODUCTION

One source of distortion that limits the performance of OFDM re-
ceivers is the impairment associated with analog signal process-
ing. One such impairment arises as a result of imbalances in the
In-phase (1} and Quadrature-phase (QQ) branches.

Perfect IQ matching is not possible in the analog domain, es-
pecially when fow cost fabrication technologies are used. More-
over, as carrier frequencies increase, [Q imbalances become more
severe and more chaltenging to eliminate. These impairments also
lend to increasc as integrated circuit technologies such as com-
plementary metal-oxide semiconductor (CMOS) are more widely
adopled for radio frequency and analog processing due Lo their
cost advantage and ease of intcgration with digital baseband pro-
cessing. In addition, as higher data rates are targeted, higher con-
stellation sizes are needed, and higher operating SNR are to be
guaranteed in order to support high density constellations. Higher
SNR requirements translate to tougher IQQ matching requirements.

The effect of 1Q imbalances on SISO OFDM systems and the
resulting performance degradation have been investigated in [3]-
[4]. Several compensation schemes have been proposed in [5]-[8].
The contribution of this paper is to model and study the effect of IQ
imbalances on a MISO OFDM system that uses space-time coding.
It will be shown that while IQ imbalances destroy some of the
properiies of space-time block codes, efficient receive algorithms
are still possible by exploiting the structure of the codes.

The paper is organized as follows. The next section briefly
describes the model used in [8] for 1Q imbalances and formulates
the effect of IQ imbalances on a S1ISQ OFDM receiver. In Scc. 3,
this formulation is used to develop a framework for an Alamouti
coded system and study the effect of [Q on such systems. The
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section also derives a receiver structure that is robust to 1Q imbal-
ances. Simulation results are included in Sec. 4 and conclusions
are given in Sec. 5.

2. PROBLEM FORMULATION

Let &(t) represent the received complex signal before being dis-
torted by 1Q) imbalances causcd by the analog processing of the
received signal. The distorted signal in the time domain can be
written as [3].[4]:

() = pb(t) + vb” (¢) {1

where the distortion parameters, p and v, are related to the am-
plitude and phasc imbalances between the I and Q branches in the
radio frequency (RF) and analog demedulation process. A sim-
plified physical model for this distortion can be found in [4]. A
derivation of the OFDDM signals in the presence of IQ) imbalances
is briefly presented below following [8).

In OFDM systems, a block of data is transmitted as an OFDM
symbol. Assuming a block-size equal to IV, the transmitted block
of data is given by

s2 [ s(1) s(2) s(N) 17 ()

Each block is passed through the [DFT operation:
§=F"s 3

where F is the unitary discrete Fourier transform (DFT) matrix,
A cyclic prefix of length P is added to each transformed block of
data and then transmitted through the channel-see Figure 1. An
FIR model with L + 1 taps is assumed for the channel, i.e.,

h=[ he M he T (4)

cyclic prefix (P) OFDM symbol (N)

I T

{a) transmitted OFDM symbol

[ swen || swven | s |8 5@ [ oy ]

{b) received OFDM symbol

Fig. 1. Transmitted and received OFDM symbols.
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with L < P in order to preserve the orthogenality between tones.
At the receiver, the received samples corresponding to the trans-
mitted block s are collected into a vector, after discarding the re-
ceived cyclic prefix samples. The received block of data before
being distorted by 1QQ imbalances can be written as {9]:

y:H°§+€r (&3]
where
[ ho hi o0 (b 1
ho hy -+ hL
H® = ho hyt - hL {6)
hQ ---h,[, h.o ]11
T V) ho |

is an N x NV circulant matrix. It is known that H® can be diago-
nalized by the DFT matrix as H® = F* AF, where

A = diag{)\} 0

and the vector X is related to h via

)\:F*[ h ] (3)

Oy —(L+1nxa
We rewrile (5) as
¥ =F'AFs + v =F'diag (\)F5 + v )

The received block of data ¥ after being distorted by IQ imbal-
ances is given by

Z = ¥ + veonj(y) (10)

where the notation conj(¥) denotes a column vector whose entries
are the complex conjugates of the entries of ¥. Now remember
that the DFT of the complex conjugate of a sequence is related
to the DFT of the original sequence through a mirrored relation
(assuming 1 <n < Nand1 < k< M

z(n) 25 X (k)

2" (n) 255 XN — k+2)

{n

For notational simplicity, we denote this operation by the super-
script #, i.e., for a vector X of size N we write

X(1) X1
X(2) X*(N)
| xvye | xrvy2 4
X=| xnz+n | =X =| x*(viz+1)
X{N/2+2) X*(N/2)
LX) X@
- (12)
!'The DFT sequence X (k) is defined by
N
X(k) = % Z w(n)e—ﬂ_dz}:}_(@) k=1. N
n==1

Thus if
X =Fz then X¥ = Feonj () (13}

Now trom (5) we have
conj(¥) = conj{Hc)conj(s)} + conj(¥) (14)

where conj(H.) is a circulant matrix defined in terms of conj{h)
as in (6). Then

P [ conj(h) ] _ (15)
0Ny
and
conj(H.) = Fdiag (,\#) F (16)

Substituting the above into (14) results in

conj(¥) = F"diag ()\#) Fconj(8} + conj(v)
(7
= F*diag (A#) s + conj{¥)

where Fconj(s) is replaced by s using (3) and the conjugate-
mirrored notation defined by (11),

Let us now consider a receiver that applies the DFT operation
to the received block of data, as is done in a standard QFDM re-
ceiver, Applying the DFT matrix to (10), i.e., setting z = Fz, and
substituting (9) and (17) into (10} lead to

z = pdiag (M) s + rdiag (/\#) s* 4 v (18)

where v is a transformed version of the original noise vector v. As
seen from (18), the vector z is no longer related to the transmitted
block s through a diagonal matrix, as is the case in an OFDM sys-
tem with ideal I and Q branches. Nevertheless, s can be recovered
efficiently as follows. Discarding the samples corresponding to
tones 1 and N/2 + 1,i.e., z(1) and z(N/2 - 1), and defining two
new vectors:

2= colfa(2), o, 2(V/2),2 (N/24+2), 0 @ ()}
§ = col{s(2),...,s(N/2),s"(N/2+2),...,s"(N)}
then equation (18) gives
[ pA(2) vAT(N)
PAN/2)  UAT(N/2+2)
7= S+ v
VAN/2)  ptAT(N/2 +2)
L) WA |
A
(20)

where ¥ Is related to v in a manner similar to (19). Note that the
matrix A in the above equation is not diagonal, as is the case for
A in (9), although it collapses to a diagonal matrix by setting v
equal to zero. Equation (20) can be reduced to 2 x 2 decoupled
sub-equations, for k = {2, ..., N/2}, each written as

7k = Ly + Vi 21
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PO _ pAz(k)y  vAI(N —k+2) pA{k) AN —k+2) @3
ko viha(k) wM(N—-k+2) k) ptAI(N—k+2)
where *) and
- AR *®
Zy = [ N -k 9 ] 3 (k)
z'( +2) 22) | za(k) —[Fap Tix] suN—k+2) | o
. s(k) 25(N — k+2) kI —s3(k) :
FZ o s (N-k+2) —s2(N ~ k+3)
(27)
= [ opAky vA(N—-k+2)
Ty = [ VIAK) AN — k4 2) (24)  where )
. : oo = pMlk}  vAI(N—k+2)
We can then rccover §, as LE = PAR) TALN — K+ 2) o8
-1
&= [T Tisy - pra(E) AN -k 1 2)
5k ( k k) K2k r‘?,k = [ V*Az(k) u*AE(N — k4 2)

In [B]. we described several methods for estimating the compo-
nents of matrix 'y, and for recovering 8. .

3. ALAMOUTI SCHEME WITH IQ IMBALANCES

Let us now study how [Q imbalances affect data recovery in a
multi-antenna system, In this paper, we focus on a 2-transmit
l-receive antenna system that employs the Alamouti scheme. In
Figure 2, it is scen that two blocks of data

S](l)

s2(1)
A o
51 =

51 (N) s2()

are fransmitted from both aniennas before the IFFT operation. These
blocks are then followed by the data

—s3(1) si(1)

—s3(N) si(V)

At the receiver end, two blocks of data are received

Z1(1) Zz(l)
z1(N) z(N)
In this case, equation (5) becomes
y=His + H5: + ¥ 25)

where 5; = F"s; and 52 = F"s, are the transmitted blocks of
data on antennas 1 and 2. respectively, and HS and HS are the
channel matrices from the transmit antennas 1 and 2 to the re-
ceiver. Applying the same arguments as hefore to the above equa-
tion instead of (5) results in the following sets of equations (which
correspond to equations (21)-(24) in the single antcnna case):

(®) o
z1(k - - s3(N —k+2) -
* = f r ] +V1 13
[ZI(N—/G+2)] (T2 Tux s1(k) :
#® si(N—k+2) .
(2

The matrix f‘i") is now 2 x 4 and the A;{k} in (28) denote the
channel taps in the frequency domain corresponding to tone & from
transmit antenna ¢ to the receive antenna.
Compactly, we wrile
7V = [P L @ 29)

where the matrix f‘f:) is given by (23), and

si(k) s2(k)
| si(N—k+2) ss(N—k+2)
S sk ) e
Cs(N—k+2)  SHN-FE+2)

21(k) ] 31h

0 _ z2(k})
BT 2N —k+2) z2i(N—-k+2)

In erder to recover the data in §f:') from zi,") in (29), the space-time
code structure is exploited as tollows. Let

Zl(k) 51 (k)
. 75 (k) _ s2(F)
B Nkt [T sy vk | 9P
2 (N — k+2) s3(N — k+2)
Then (29) gives .
2 = L1k + Vi (33)
with
= [ Ak Aok
Ty = [ At A ] (34)

where, interestingly, afl the sub-blocks have an Alamouti structure
given by

Al,k — [ ﬂ)\l{k)

#A2(k) ]
" Az (k)

—u* AT (k)

Ao | PMOV—E+2)  2A(N =k +2)
FET L v NN -k +2) - M(N—k+2)
(35)
[ erAuk) vt Aa(k)
Aok = [ u)\El(k) —V)é(k) ]

pra(N —k+2) —ph(N —k+2)
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Fig. 2. Alamouti scheme applied to an OFDM system.

(el + o) (I B + A2 (R))%) Taxa

Iihs =
KUK [ AZ D+ AL D

(al® + 14%) (IMN — &+ 2 + [A2(N =k + 2)|%) Loxe

AT Ak + A Ay ] (36)

The matrix T’ in (34) would be block-diagonal if v = 0, i.e., if
there were no 1Q imbalances, in which case equation (33) would
reduce (0 two 2 X 2 decoupled systems as in standard Alamouti
decoding. The off-diagonal matrices in (34) are a direct result of
_ the IQ imbalances. So now we need to deal with a 4 x 4 lincar
system of equations as opposed to two 2 x 2 systems of equations
in Alamouti coded receivers with ideal [Q) branches. However, the
Alamouti structure of the sub-matrices (35) allows a computation-
ally efficient implementation of the Icast-squares estimator:

8 = (E560) e

as follows. First we note that
AT ALk = [l (M (B + [22(R)]*) Taxa

A3 xAzs = [P (AN = k4 2)+ [A2(N — b+ D) Taxo
A3 kA k= [P (MR + Da(R)]) Lo
ALrAk = [P (N =k +2))% Pa(N = k+ 2)]%) Laxo

s0 that the product F3T', reduces to the result given by (36). This
matrix would be diagonal if v = 0, i.e., if there were no 1Q imbal-
ances. When v # 0, the matrix T, is no longer dizgonal, how-
ever it has a parlicular structure that is induced by the Alamouti
code and the distortion model. Specifically, its 2 x 2 off-diagonal
blocks are Alamouti, which means their inverses can be obtained
by simple transposition. This is due to the fact that the sum and
product of two Alamouti matrices is still an Alamouti matrix. Thus
denote the 2 x 2 block entries of T in {36) by

A
D:

where D and D are diagonal (actually scalar multiples of the
identity due to the Alamouti structure) and A; and A are also

D,

Fri = [ o

Alamouti, say D; = d11 and D)y = dal. Uéing the block inver-

sion formula

A B -t ~£~'BD™!

¢ p| S| -plex! ptiples'Bp |
where

Y= A— BD ¢

we get

Loy »- ~E A,

(i) _[_DQ_IAzZ'I D;1+D;‘A22'1AIDJ
where

= D]—AIDEIA‘z

1
= hI— —AA
dy d2A1 2

- We see that all terms in the expression are trivial to compute. The

only inversion term is the 2 X 2 matrix 31, The 2 % 2 matrix
¥ is the sum of a scaled identity matrix and an Alamouti matrix
(since the product of A and Az is also Alamouti); computing its
inverse is trivial.

3.1. Joint Channel and Distortion Parameter Estimation

The problem of estimating the channel and distortion parameters
{A1(k), A2k}, i, v} needed at the receiver for data recovery is not
discussed in this paper. It is useful to realize that in the presence of
1Q imbalances, the channel and distortion parameters are required
for data recovery in a joint manner—see (35). In other words, the
channel and distortion parameters are not required separately at the
receiver, but a combination of them is used in the proposed receiver
algorithms. For instance, in the Alamouti case, the scalar factor of
the diagonal matrix Dy in (36) is the sum of the squared values
of the firsi-column elements in Aj x and As . given by (35). A
joint channel and distortion estimation task at the receiver is then
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Fig. 3. BER vs. SNR for an OFDM system with Alamouti coding apptlicd.
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Fig. 4. BER vs. SNR for an QFDM system with Alamouli ceding applied.
640QAM constellation is used in a receiver with phase imbalance of 2° and
gain imbalance of 1dB,

equivalent to estimating the matrix 'y, defined by {34). The input-
output system given by (33) can be vsed to estimate I'y, from the
received data 2x; possibly by transmitting training data. Similar to
data recovery algorithms, the structure of the system given by (34}
can be exploited to derive efficient channel estimation algorithms.
Addressing the channel/distortion estimation problem is beyend
the scope of this paper. However, some efficicnt channel/distoriion
estimation schemes for the SISO case can already be found in [8].

4. SIMULATION RESULTS

A typical OFDM system with space-time coding is simulated to
evaluate the performance of the proposed schemes in comparison
to an ideal OFDM receiver with no IQ imbalance and a receiver

with no [Q compensation scheme. In the simulations, the Alam-
outi scheme is applied on a (2 x 1) system, as was described in
Sec. 3. The parameters used in the simulation are: QFDM sym-
bol length of ¥ = 64, cyclic prefix of P = 16, and channel
length of (L + 1} = 4. The channel taps corresponding to two
transmit antennas are chosen independently with complex Gaus-
sian distribution. The BER versus SNR for the proposed scheme
are simulated and shown in Figures 3-4. In all the figures, “Ideal
Q" legend refers to a receiver with no IQ imbalance and perfect
channel knowledge and *1Q Imbalance/No Compensation® refers
to a receiver with IQ imbalance but no compensation scheme. “IQ
Imbalance/Proposed Scheme’ refers to the algorithm proposed in
Sec. 3. The results are depicted for different constellation sizes
(4QAM and 64QAM) and differcnt phase and gain imbalances.

5. CONCLUSIONS

The effect of IQ imbalances on QFDM receivers with space-time
coding was studied and a framework for deriving OFDM receivers
with IQ imbalancc compensation was presented. [t was shown how
efficient receivers can be designed by exploiting the space-time
coding structure and the model for 1Q imbalances. Significant im-
provemcnts in the overall performance of the receiver with com-
pensation for IQ imbalances are achieved compared to receivers
that assume ideal 1Q branches.
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