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ABSTRACT

In [1][2][3], opportunistic space-time block codes were pre-
sented for flat-fading channels. In this paper, we propose an
opportunistic STBC-OFDM for frequency-selective channels
with an unequal error protection capability making it attrac-
tive for multimedia applications. Our new scheme optimizes
the tradeoff between coding gain and peak-to-average ratio
while minimizing inter-carrier interference in the presence of
carrier frequency offset. We show that our scheme achieves
a 2dB reduction in PAR over the conventional scheme.

Index Terms— STBC, OFDM, PAR, ICI

1. INTRODUCTION

Space-time block coding (STBC) has received consider-
able attention in academic and industrial circles due to its
many advantages [4][5][6]. Recently, diversity-embedding
space-time codes (DEC) were proposed to embed a high-
diversity code within a high-rate code [1][2][3]. They encode
the information symbols into layers each at a prescribed
rate-diversity operating point, thus providing an unequal
error protection capability. This allows a form of wireless
communications where the high-rate code opportunistically
takes advantage of good channel realizations while the
embedded high-diversity code ensures that at least part of
the information is decoded reliably. However, previous DEC
constructions were presented for flat-fading channels only.
To utilize the frequency diversity gain of the frequency-
selective channels, STBCs have been combined with or-
thogonal frequency division multiplexing (OFDM) by im-
plementing STBC at a block level instead of symbol level,
namely STBC-OFDM [7]. A straightforward approach to
combine DEC with OFDM is to use the same structure of
STBC-OFDM. However, this will cause high peak to average
ratio (PAR), requiring a larger backoff and hence power loss
at nonlinear amplifiers. Our proposed opportunistic STBC-
OFDM is developed by minimizing the PAR and the effects
of carrier frequency offset by means of switching the signals
on the time slots of DEC for some sub-carriers.

2. PAR REDUCTION DESIGN FOR
OPPORTUNISTIC STBC-OFDM

In this section, we describe our proposed opportunistic
STBC-OFDM scheme. We first focus on the following DEC
design for 2 transmit antennas [3]

G =

(

a(0) b(0)
K

− b∗(1)
K

−a∗(0)

)

, (1)

where(.)∗ denotes complex conjugation. Information sym-
bols are transmitted in 2 layers. Layer A consists ofa(0)
while layer B consists ofb(0) andb(1) resulting in an overall
rate of 1.5 symbols per channel use. The scalarK is designed
to ensure a diversity level of 2 for layer A and 1 for layer B.
In this paper, we choose all the signals from a unit-energy
QPSK constellation. Extensions to other constellations are
straightforward. It is interesting to note that if we switchthe
two signals on the two time slots of DEC, i.e.

G′ =

(

b(0)
K

a(0)

−a∗(0) − b∗(1)
K

)

, (2)

the switched DEC (S-DEC) maintains the same performance
as DEC since it can be easily switched back at the receiver.
Motivated by this observation, we propose our new oppor-
tunistic STBC-OFDM scheme which is illustrated in Fig. 1.
The basic idea of our scheme is to implement hybrid DEC/S-
DEC at the OFDM symbol level. LetJa denote the set of
the sub-carriers on which S-DEC is implemented whileJb

denote the set of sub-carriers on which DEC is transmitted.
Suppose the size ofJa is m and letN denote the size of an
OFDM symbol. In addition, leta0,n, b0,n and b1,n denote
the signalsa(0), b(0) andb(1), respectively, associated with
the n-th (n = 0, 1, . . . , N − 1) sub-carrier.
Consider the first transmit antenna. From (1) and (2), we
obtain the signal transmitted on thenth subcarrier in the
first time slot as

s1,n =

{

b0,n

K
, n ∈ Jb

a0,n, n ∈ Ja

(3)

and in the second time slot as

s2,n =

{

a0,n, n ∈ Jb
b0,n

K
, n ∈ Ja

. (4)
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Fig. 1. Illustration of one STBC-OFDM block

Let {ŝ1,p} and {ŝ2,p} denote the low-pass-equivalent
discrete-time signals obtained with an over-sampling factor
of M from the first and second OFDM symbols, respectively.
Then,

ŝ1,p =
1

MN







N−1
∑

n=0,n∈Jb

b0,n

K
e

j2πnp
MN +

N−1
∑

n=0,n∈Ja

a0,ne
j2πnp
MN







,

p = 0, 1, . . . , MN − 1,

(5)

whose amplitudes are upper bounded as

|ŝ1,p| ≤
1

MN

8

<

:

N−1
X

n=0,n∈Jb

|
b0,n

K
||e

j2πnp
MN | +

N−1
X

n=0,n∈Ja

|a0,n||e
j2πnp
MN

|

9

=

;

=
1

MN
(
N − m

K
+ m),

(6)

and
|ŝ2,p| ≤

1

MN
(
m

K
+ N − m). (7)

Let c = {ŝ1,0, ŝ1,1, . . . , ŝ1,MN−1, ŝ2,0, ŝ2,1, . . . , ŝ2,MN−1}
denote the signals transmitted on the first antenna during one
STBC-OFDM block andc(p) represent thepth element ofc.
By using a sufficiently largeM , the PAR of the continuous-
time STBC-OFDM symbol can be approximated as

PAR =
maxp|c(p)|2

1
2MN

∑2MN−1
p=0 |c(p)|2

. (8)

According to the Parseval’s theorem, we have
PN−1

n=0 |s1,n|2

MN
=

∑MN−1
p=0 |ŝ1,p|2 and

PN−1
n=0 |s2,n|2

MN
=
∑MN−1

p=0 |ŝ2,p|2. Then,
we obtain

1

2MN

2MN−1
∑

p=0

|c(p)|2 =

N−m

K2 +m+ m

K2 +N−m

NM

2NM
=

1 + 1
K2

2NM2
.

(9)
Thus, the maximum PAR over all possible codewords is

PARmax = max
a0,n,b0,n,b1,n

{PAR}

=







2( m
K

+N−m)2

N(1+ 1
K2 )

m ≤ N
2

2( N−m
K

+m)2

N(1+ 1
K2 )

m ≥ N
2

(10)

The optimumm is obtained by minimizing the maximum
PAR as follows

mopt = argmin
m

{PARmax} =
N

2
, (11)

and the corresponding maximum PAR is

PARmax =
N(K + 1)2

2(1 + K2)
. (12)

Similarly, we obtain the same PAR on the second transmit
antenna as in (12). Therefore, to obtain the minimum PAR,
DEC and S-DEC should be each transmitted on half of
the sub-carriers (we call this opportunistic STBC-OFDM
scheme as S-DEC-OFDM henceforth). Note that whenm =
0, DEC will be transmitted on all the sub-carriers (we call
it DEC-OFDM), which has the same structure as STBC-
OFDM. From (10) assumingK > 1 as defined in [3], we
can obtain thatPARmax for DEC-OFDM is 2NK2

1+K2 , which
is much larger than the PAR of our proposed scheme in
(12). Using the same approach, we can design opportunistic
STBC-OFDM schemes for 3 and 4 transmit antennas. Due
to space limitation, we will not discuss them in details in
this paper.

3. ICI REDUCTION

In the previous section, we proposed an opportunistic
STBC-OFDM scheme and proved that the lowest PAR is
obtained by transmitting each of DEC/S-DEC on half of
the sub-carriers. In this section, we will specify on which
sub-carriers the DEC and S-DEC should be implemented by
investigating the inter-carrier interference (ICI) introduced
by the carrier frequency offset.
Let {hl : l = 0, .., L − 1} and{gl : l = 0, .., L − 1} denote
two independent circularly-symmetric channels correspond-
ing to the first and the second transmit antennas, respectively.
The channel tap gains are assumed to be uncorrelated and
constant over two adjacent OFDM symbols. The signal
transmitted on then-th sub-carrier in the first time slot on
the first antenna iss1,n as given in (3). Then, the signal
transmitted on then-th sub-carrier in the first time slot on
the second antenna is̄s1,n given by

s̄1,n =

{

−a∗
0,n, n ∈ Jb

− b∗1,n

K
, n ∈ Ja.

(13)

Thus, the low-pass-equivalent received sample at the first
time slot after the cyclic prefix removal is

yi =
1

N
e

j2πiυ

N

L−1
∑

l=0

hl

N−1
∑

n=0

s1,ne
j2π(i−l)n

N +

1

N
e

j2πiυ

N

L−1
∑

l=0

gl

N−1
∑

n=0

s̄1,ne
j2π(i−l)n

N + wi,

(14)

where υ is a frequency offset (normalized by the sub-
carrier spacing) introduced by oscillators’ inaccuraciesand



Doppler shift of the mobile wireless channel, and{wi}
are independent, circularly-symmetric, zero-mean complex
Gaussian noise samples. After FFT operation, the received
n-th sub-carrier symbol is given by

Yn = I0s1,nHn +
N−1
∑

j=0,j 6=n

Ij−ns1,jHj+

I0s̄1,nGn +
N−1
∑

j=0,j 6=n

Ij−ns̄1,jGj + Wn

≡ I0s1,nHn + I1,n + I0s̄1,nGn + I2,n + Wn,

(15)

where Hn and Gn are then-th sub-carrier channel gains
from the first and second transmit antennas, respectively,
{Wn} are frequency-domain Gaussian noise samples corre-
sponding to the time-domain noise samples{wi}, andIj−n

is given by

Ij−n =
1

N

N−1
∑

m−1

e
j2π(υ+j−n)m

N . (16)

As all the signals are uniformly chosen from QPSK constel-
lation, E{s1,ms̄1,n} = 0 and the ICI becomes

E{I1,n + I2,n}2 = E{(I1,n)2} + E{(I2,n)2}

= E







N−1
∑

j=0,j 6=n

N−1
∑

m=0,m 6=n

Ij−ns1,jHjI
∗
m−ns∗1,mH∗

m







+

E







N−1
∑

j=0,j 6=n

N−1
∑

m=0,m 6=k

Ij−n s̄1,jGjI
∗
m−ns̄∗1,mG∗

m







.

(17)

Since

E{s1,ms∗1,n} =







1 m = n ∈ Ja
1

K2 m = n ∈ Jb

0 m 6= n.

(18)

and

E{s̄1,ms̄∗1,n} =







1
K2 m = n ∈ Ja

1 m = n ∈ Jb

0 m 6= n.

, (19)

the ICI variance in (17) can be expressed as follows

E{(I1,n)2} + E{(I2,n)2} =
N−1
∑

j∈Ja
j=0,j 6=n

{

|Ij−n|2E{|Hj |2} +
|Ij−n|2E{|Gj|2}

K2

}

+

N−1
∑

j∈Jb
j=0,j 6=n

{ |Ij−n|2E{|Hj |2}
K2

+ |Ij−n|2E{|Gj|2}
}

=

N−1
∑

j=0,j 6=n

{

(1 +
1

K2
)|Ij−n|2E|Hj |2

}

.

(20)

In (20), we have usedE{|Hj |2} = E{|Gj |2}. From (20),
it can be seen that the exact elements ofJa andJb do not
affect the interference as long as|Ja| = |Jb| = N

2 .

4. OPTIMIZATION OF K OVER CODING GAIN
AND PAR

The opportunistic STBC-OFDM scheme proposed in this
paper depends on the power scaling factorK. In this section,
an optimumK is derived according to the design criterion
of maximizing the ratio between available coding gain on
each sub-carrier and the maximum PAR. Note thatG and
G′ have the same coding gain. Therefore, we do not need
to distinguish different sub-carriers. LetCGA denote the
coding gain of layer A, defined as

CGA = mina16=a2det(GG∗) (21)

andCGB denote the coding gain of layer B, which is defined
as

CGB = minb16=b2det(GG∗). (22)

Therefore, our design criterion becomes

Kopt = argmax
K>1

{√
CGACGB

PARmax

N

}

, (23)

wherePARmax

N
is the normalized maximum PAR in (12). Fig.

2 shows the design metric as a function ofK for QPSK
modulation. We observe that the optimumK is equal to 2.
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Fig. 2. Joint optimization of coding gain and PAR

5. SIMULATION RESULTS

In this section, we compare the performance of the fol-
lowing three transmission schemes:

• DEC-OFDM: Ja = ∅.
• Block S-DEC-OFDM:Ja = {0, 1, . . . , N

2 −1} andJb =
{N

2 , . . . , N − 1}.
• Interleaved S-DEC-OFDM:Ja = {1, 3, . . . , N−1} and

Jb = {0, 2, . . . , N − 2}.



5.1. CCDF comparison

In this simulation,N=64 and the OFDM symbol is over-
sampled by a factor of 8. The complementary cumulative
distribution function (CCDF) of the PAR is calculated over
1000,000 STBC-OFDM block realizations. Fig. 3 compares
CCDF of the three schemes atK = 2, where it can be
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Fig. 3. PAR comparison

seen that the PAR of block S-DEC-OFDM and interleaved
S-DEC-OFDM are identical and both are about 2dB lower
than that of DEC-OFDM.

5.2. BER performance with ICI reduction

In this subsection, the channels are modeled as indepen-
dent 3-tap Rayleigh fading channels with an exponential
power delay profile. In the simulation, we useK = 2 and
a frequency offset (normalized by the subcarrier spacing)
υ = 0.01. At the receiver, the MLIC algorithm proposed in
[3] is used to decode the information on each sub-carrier.
When channel information is not available at the receiver,
the differential detector in [8] can be used. It can be seen
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Fig. 4. Performance comparison atK=2

from Fig. 4 that DEC-OFDM, block S-DEC-OFDM and
interleaved S-DEC-OFDM have the same BER performance,
which corroborates our theoretical derivation in Section 3.
However, if we include the effects of amplifier backoff and
nonlinearity, the proposed S-DEC-OFDM achieves better
BER performance due to its lower PAR as shown in Fig.
3.

6. CONCLUSIONS

In this paper, we propose an opportunistic STBC-OFDM
with reduced PAR in the presence of carrier frequency
offset. Our theoretical analysis shows that the lowest PAR
is achieved when DEC and S-DEC are each implemented
on half of the sub-carriers. ICI analysis shows that, in the
presence of carrier frequency offset, sub-carriers on which
DEC or S-DEC is implemented do not affect the BER per-
formance. Finally, we optimize the scheme by selecting the
optimum power scaling factorK to achieve the best tradeoff
between coding gain and PAR. For QPSK modulation, at the
optimum power scaling factor (K=2), the PAR of S-DEC-
OFDM is 2 dB less than that of DEC-OFDM.
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