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Abstract: Due to not requiring channel state information ( CSI) at both the transmitter and the receiver,

noncoherent ultra-wideband (UWB) incurs a performance penalty of approximately 3 dB in the required signal

to noise ratio (SNR) compared to the coherent case. To overcome the gap, an effective differential encoding and

decoding scheme for multiband UWB systems is proposed. The proposed scheme employs the parallel

concatenation of two recursive differential unitary space-frequency encoders at the transmitter. At the receiver,

two component decoders iteratively decode information bits by interchanging soft metric values between each

other. To reduce the computation complexity, a decoding algorithm which only uses transition probability to

calculate the log likelihood ratios (LLRs) for the decoded bits is given. Simulation results show that the

proposed scheme can dramatically outperform the conventional differential and even coherent detection at high

SNR with a few iterations.
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Ultra-wideband (UWB) is a fast emerging tech-
nology that offers great potential for the design of
high-rate, low-power and short-range wireless indoor
and ad hoc networks. According to the Federal Com-
munications Commission’ s (FCC) UWB definition,
UWRB transmission is any wireless transmission scheme
that occupies a bandwidth of more than 20% of its
center frequency or more than 500 MHz. Depending on
how the available bandwidth is utilized, UWB systems
can be divided into two groups: single band and multi-
band. In single band UWB systems, the information is
directly modulated into a sequence of impulse-like
waveforms, which occupy the entire available band-
width of 7.5 GHz'"". For multiband UWB systems, the
whole bandwidth is divided into several subbands. Each
subband occupies a bandwidth of at least 500 MHz in
compliance with the FCC regulations. To efficiently
capture the multipath energy, orthogonal frequency di-
vision multiplexing (OFDM) technique has been used
to modulate the information in each subband'.

Multiple-input multiple-output ( MIMO) is a
multiple antenna technique that can greatly increase
the channel capacity and system performance” ™.
Most UWB applications are in rich scattering indoor
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environments, which provide an ideal transmission
scenario for MIMO implementation. In addition, as
UWB uses microwave frequencies in the 3.1 to 10. 6
GHz range, the antenna element separation required
for signal orthogonality is small. Consequently, a mul-
tiple-antenna UWB communication system is a lead-
ing candidate that can meet the very high data rate re-
quirements for future short range wireless communica-
tions.

Up to now, most research work on MIMO UWB
has adopted a common assumption that channel state
information ( CSI) is perfectly known at the receiv-
er’” . This is not a reasonable assumption in practice.
Acquiring knowledge of the fading coefficients in a
MIMO channel has already been very challenging in
the frequency-flat fading case. For multiple-antenna
UWB systems, the bandwidth is much greater than the
channel coherence bandwidth, inducing severe fre-
quency-selectivity to the system. In this case,
obtaining the fading coefficients becomes more diffi-
cult due to the presence of multiple paths, which re-
sults in an increased number of parameters to be esti-
mated. Hence, it is desirable to develop techniques that
do not require channel estimation at the receiver.

Differential space-time modulation for multiple-
antenna schemes was proposed in Refs. [6 —7], illus-
trating how temporal and spatial diversity can be sim-
ultaneously exploited without knowledge of perfect
CSI. Although the fading gain is not required at re-
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ceivers, the performance loss is about 3 dB in very
slow fading, compared to that of the coherent detec-
tion case where the fading gain is known. When the
fading changes rapidly, the performance loss is signifi-
cant. More recently, a differential encoding and deco-
ding scheme for multiband UWB systems was pro-
posed in Ref. [8]. By a technique of band hopping in
combination with jointly coding across spatial, tempo-
ral and frequency domains, the scheme is able to ex-
plore the available spatial and multipath diversities.

Motivated by turbo principle in Ref. [9], in this
paper, we develop a differential encoding and deco-
ding scheme for multiband MIMO UWB systems. In
the proposed scheme, the information is encoded by
two differential unitary space-frequency encoders
which are parallel concatenated by a symbol interlea-
ver. The receiver consists of two soft decision decod-
ers which exchange extrinsic information iteratively.
Due to differentially encoding/decoding in the fre-
quency domain, the proposed scheme does not depend
on the assumption that the fading channel stays con-
stant within several OFDM symbol durations. This al-
so reduces the decoding delay.

1 System and Channel Model

Consider a point-to-point multi-band UWB sys-
tem equipped with M. transmit antennas and M re-

ceive antennas as shown in Fig. 1. Within each
subband, OFDM modulation with N subcarriers is used
at each transmit antenna. At the k-th OFDM block, the
channel pulse response from the i-th transmit antenna

to the j-th receive antenna can be expressed as''”!

C L

hy(n) = Z,) lz(,)af}(c, he(t =T, —7.) (1)
where i=1,2,..., Myand j=1,2, ..., My. The value
a,ﬁ.( ¢, 1) denotes the channel coefficient of the [-th
multipath component in the c-th cluster at time k from
the i-th transmit antenna to the j-th receive antenna.
The time duration 7, denotes the arrival time of the
c-th cluster, and 7_, is the delay of the /-th multipati
component in the c-th cluster relative to the cluster ar-
rival time T.. The cluster arrivals and the ray arrivals
within each cluster can be modeled as Poisson distri-
bution with rate A and A (where A > A), respectively.
The amplitude of the channel coefficient \afj(c, D |
can follow the log-normal distribution, the Nakagami
distribution, or the Rayleigh distribution while the
phase Lafj(c, [) is uniformly distributed over [0,
27). According to the channel standard'”, the log-
normal distribution seems to better fit the measure-
ment data. So it is chosen for the amplitude of the
channel coefficient \af;( ¢, ) | in this paper.
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Fig.1 Multiband-OFDM MIMO UWB system

Let x (n) denote the data symbol transmitted
from the i-th transmit antenna at the n-th subcarrier
during the k-th OFDM symbol period. At the receiver,
after cyclic prefix removing and OFDM demodula-
ting, the received signal at the n-th subcarrier at re-
ceive antenna j during the k-th OFDM symbol dura-
tion can be expressed as

i = LS A H D 46l (2)

The factor ./E/M, guarantees that the average
energy per transmitted symbol is E, independent of the

number of transmit antennas, and
C

Hi(n) =Y

c=0

L
Y ai(c, Dexpl — 2mnAAT, +7.,)]
=0

(3)

where Af is the frequency separation between two ad-
jacent subcarriers. The noise sample at the n-th sub-
carrier is modeled as a complex Gaussian random var-
iable with zero mean and a two-sided power spectral
density of N,/2.

2 Differential Encoding Scheme

In this section, we describe the differential enco-
ding scheme at the transmitter. The block diagram of
the encoder is presented in Fig. 2. Two differential
unitary space-frequency encoders are connected in
parallel concatenation, separated by a symbol interlea-
ver. Information bits are directly fed into encoder 1
and after interleaving, fed into encoder 2. The outputs
of the two component encoders are transmitted alter-
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Fig.2 Differential encoding system

nately in two OFDM symbol periods.

Differential unitary space-time block code was
proposed in Ref. [6] based on unitary group codes. In
this paper, we perform the group differential encoding
in frequency domain instead of encoding in time do-
main. For our encoding scheme, we only consider two
transmit antennas at the transmitter. The constellation
is BPSK. Then the BPSK group G has four 2 x2 uni-

tary matrices'® :

6 ={=[, 1] =[7) oI}

Dividing the information bits into vectors C, =

{cp’l, Cpas oo
dex. Giving two input bits ¢

s Cpna }, where p denotes the time in-
(n=1,2, ...,
N/2 —1) the encoder chooses a unitary matrix G, ac-

p.2n-1° Cp,Zn

cording to the mapping rule:

1 0
2l

-i 0

0o -l

The differential transmission equation for encoder 1

00: G, Bl fl] 10;(;2_»[‘0

01:Gﬁ[g" Si] 01: G, —|

can be expressed as

D,(2n+1) D,(2n+2)y
D,(2n+1) D,(2n+2)|
D,(2n-1) D,(2n)
D,(2n-1) D,(2n)] " 4

where D,(n) denotes the symbol transmitted at the n-th

¥! LL(C (k)

— Component

»| decoder 1

Interleaver

subcarrier from the i-th transmitter. The differential

transmission is initiated by sending a reference matrix

D, at the first two subcarriers during each OFDM
symbol period.

D, (1) D,(2) 1 -1

"~ b, Dz<2>] [ ]

The encoding process for encoder 2 is the same as

(5)

encoder 1 except that the input data are different. From
Eq. (4), it can be seen that the differential space-fre-
quency encoder has a recursive structure similar to
DPSK or recursive convolutional codes. So the encoder
can be described by the trellis shown in Fig. 3.

[ +1 0 So G So

-1
5
Fig.3 Trellis structure of differential group codes

3 Iterative Decoding Scheme

The block diagram of the iterative decoder is de-
picted in Fig. 4. At the receiver, the demodulated sym-
bols Y,l, and Y,z, are first fed into component decoder 1
and component decoder 2, respectively. In addition,
each component decoder also takes a priori informa-
tion from the other component decoder about the like-
ly values of the bit concerned. Employing the two sets
of values, each component decoder uses a soft input
soft output decoding algorithm to compute the log
likelihood ratios (LLRs) for the decoded bits.

Y2

—

Component

| decoder 2

Deinterleaver | g

Ly (C; (k)

Deinterleaver <—® -

\ L3(C; (k) A(Ci (k)

LL(Ci (k)
Fig.4 Block diagram of the iterative decoder

To obtain the soft output values of the informa-
tion bits, the BCJR algorithm'""! can be used in each
component decoder. However, the BCJR algorithm not
only has considerable computational complexity in it-
self, but also does not function properly in decoding

the differential group codes because of the special
structure of the trellis that each state has the same
number of branches as the total number of states.
Hence, we adopt a low complexity scheme which only
uses the transition probability y, , to calculate the
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LLRs for the decoded bits.

Considering component decoder 1, we first divide
the information bits vector c, into sub-blocks as fol-
lows:

C:cp = {Cp,l’ Cpas ones cp,Nfz} ={C,, C,, ...,Cgfl}
(6)

Each sub-block contains two adjacent information
bits. Correspondingly, the partition of the encoder out-
put D, and receive symbol Y ; can be expressed as

D=D ={D.D*, ... D}
Y=Y, ={Y,Y,, ... ¥x}

where D* is a 2 x 2 unitary matrix and D' =D, =

(7)

1 -1
[1 1] is the reference signal matrix.

In the absence of CSI, when D* is transmitted, the

conditional probability of the receive signal Y, is'®

p(Y, | D" ocexP{ (ReTr{GkYzYk—l})}

(8)

Then, in our decoding scheme, the LLRs of the

information bits C, =[c, 5 1, ¢, ] =[C,(1), C(2)]
can be calculated as

2 7k(s,ss)

1
2(0° +1)

ACC, (i) = In 2 hao s _
2 ’)’k(s’s S)
(s'8) € Acy(iy =0
2 p(Y, ‘Dk)p(Gk)
ln (s',s) EA(;k(,j) -1 _
z p(Y, ‘Dk)p(Gk)
(s'8) €Acy(iy =0
2
> px DY (Irc = o)
ln (s'.s) E.AC'k(i)zl i=1
2
> p(x DY (TTrGh = o)
(s',5) EACkU) -0 i=1
(9

where p( C,(i) =gq) is the a priori probability of bit
C.(i). It can be obtained using the following equa-

tion:
1 -0
. 1 +exp{L,(C,(i))} 1=
p(C () =q) = exp{L,(C,(i))} _1
1 +exp{L,(C,(i))} -
(10)

During the first iteration, the a priori informa-
tion, L,( C,(i)), for component decoder 1, is taken as
zero. After the final iteration, the decision of the infor-
mation bits are made such that

1 A(C, (7)) =0

) ={o A(C,(i)) <0 (11)

4 Simulation Results

We performed simulations for multiband MIMO
UWB systems with N = 512 subcarriers and the
subband bandwidth W =500 MHz. Two transmit an-
tennas and one receive antenna are used. The channel
model parameters followed those for CMI1 and
CM2!"". The differential encoded OFDM symbols are
transmitted alternately in two consecutive symbol peri-
ods.

Fig. 5 depicts the performance of the iterative dif-
ferential decoding scheme under CM1. For clarity, on-
ly the results with one and three iterations are shown.
We also give the performance of conventional differ-
ential detection and coherent detection. For comparing
performance under the same spectral efficiency, each
OFDM symbol is repeatedly transmitted in two con-
secutive OFDM symbol periods for conventional dif-
ferential detection and coherent detection. It can be
seen that, at low SNR, the iterative decoding scheme
has a poor performance compared to the coherent de-
tection, but still outperforms the conventional differen-
tial detection. At the BER of 107°, the proposed
scheme yields 5 dB improvement over conventional
differential detection. With the increase of the SNR,
the iterative scheme even outperforms the coherent de-
tection. At the BER of 10 %, the performance gain is
nearly 3 dB against coherent detection.

100 —e— Conventional differential detection
—&— Coherent detection
—b— lterative decoding with one iteration
107! g Iterative decoding with three iterations
10721
=1
=
==}
10731
10741
10—5 1 1 1

1 1 1 1 'g

6 8 10 12 14 16 18 20
SNR/dB

Fig.5 Performance of the iterative differential decoding

| I—
0 2 4

scheme under CM1

Fig. 6 presents the performance of three schemes
under CM2. The performance improved by the pro-
posed scheme is also significant. At the BER of 107,
the performance gain is 6 dB relative to conventional
differential detection. Compared with coherent detec-
tion, the performance gain is 3 dB at the BER of 10 .

In both Fig. 5 and Fig. 6, we also give the per-
formance of the iterative decoding scheme after the
first iteration. It is shown that most of the performance
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Fig.6 Performance of the iterative differential decoding
scheme under CM2

gain can be achieved during the first iteration under
both CM1 and CM2.

5 Conclusion

In this paper, an iterative differential decoding
scheme for multiband OFDM MIMO systems is presen-
ted. The decoding delay system comprises two parallel
concatenated differential encoders. Due to differential
decoding delay in frequency domain, the decoding de-
lay is much smaller than the differential decoding delay
in time domain. A low complexity soft decision deco-
ding algorithm is given to calculate the LLRs of the
decoded bits. Simulation results demonstrate that the
presented scheme yields superior performance to the
conventional differential detection and even outper-
forms coherent detection at high SNR. At the BER of
10, the performance gain is up to 3 dB against uncod-
ed coherent detection under CM1 and CM2. It is also
expected that the system performance can be further
improved by using more receive antennas.
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