Time reversal space time block coding with channel estimation errors
Kishore Mehrotra; Ian Vince McLoughlin

Group Research
Tait Electronics Limited
P.O. Box 1645
Christchurch
New Zealand
{kishore.mehrotra, ian.mcloughlin}@tait.co.nz

Abstract

Time reversal (TR) space time block coding (STBC) is a
novel time domain technique to mitigate inter-symbol
interference (ISI) in frequency-selective fading channels.
This paper derives time-domain TR equations without
requiring the g-operator, and presents simulation results for
the case when channel estimates are not accurately
determined through training. The time-domain TR
equations have particular relevance towards the architecture
of a TR-STBC system implementation whilst the calculated
effects of channel model inaccuracy impact system packet
structure and protocol issues.

1. Introduction

The Alamouti scheme [1] is a widely-investigated transmit
diversity technique to combat flat fading channels. This has
been extended in [2-4] into a time domain block symbol
processing scheme called time-reversal (TR) space-time
block coding (STBC).

TR-STBC lends itself to decoupled and parallel equalisation
schemes for frequency selective fading channels. It has been
designed to simplify the receive decoding process through
coding and ordering of transmit sequences.

This paper reformulates the TR-STBC equations into
implementation relevant time-domain structures and
investigates TR-STBC through simulation of the effect of
training length (and therefore channel model accuracy) on
system performance.

2. System Model

Let us consider the case when there are two transmit
antennas at the transmitter and one receive antenna at the
receiver. Assume that in the first burst the block of symbols
transmitted by antenna-1 is

and that the block of symbols transmitted simultaneously by
antenna-2 is

S,={d,(0),d,(1),....... d,(N)| ... (2)

As can be seen each antenna transmits N+1 symbols in the
first burst. In the second transmission burst, antenna-1
transmits a time reversed, complex conjugated and sign
inverted version of the block transmitted by antenna-2 in the
first burst. Similarly, in the second burst antenna-2
transmits a time reversed and complex conjugated version
of the block transmitted by antenna-1 in the first burst.
Mathematically, the time reversal and complex conjugation
operation can be represented as

where SN1 is the time reversed and complex conjugated
version of S, and similarly for Sj . The negation prefixed
before S’V2 indicates that what is transmitted is actually
- S~2 rather than SN2 The table below summarises the

transmitted blocks from the two antennas during two
sequential transmission bursts.

Burst 1 Burst 2
Antenna 1 S, -5,
Antenna 2 S, S~1

Let the channel impulse response from antenna-1 to the
receive antenna be fixed at 4-taps for the sake of the

following analysis. This is denoted by tap weights &, ,

8., 8, and g5 . A 4-tap response is chosen arbitrarily

to illustrate the principle whereas in practice the response
may be either longer or shorter. Similarly, let the channel
impulse response from antenna-2 to the receive antenna be

denoted by tap weights po,, P, , P, and pD; . We
assume that the channel is stationary during a block of
symbols and throughout the two bursts. The signal received

at the single receive antenna for the burst 1 can now be
expressed as:



ro(t)=g,d (t)+g,d (t=1)+g,d (t=2)+
g;d (1=3)+p,d,(1)+ pd,(t—1)+
pyd,(t=2)+ pod, (1=3)+n (1)

for t=010 N .. (5)

where 71 (l‘ ) is assumed to be white noise with zero

. 2 e . .
mean and variance ¢ . Similarly, the received signal for
the second burst can be expressed as:

ry(t)=g,D,(t)+g,D,(t=1)+g,D,(t=2)+
gD, (1=3)+p, D, (t)+p D (1—1)+
p2Dl(t—2)+p3D1(l—3)+n2(l)

for t=01t0 N ., (6)

The second burst of received signal is then time reversed
and complex conjugated as follows:

ro(t)=r;(N—=t) for t=0 to N .. (7)

Thus, the time reversed and complex conjugated signal can
be expressed as:

ry(t)=r;(N—t)=g ;D;(N—1t)+
§IDy(N=1=1)+g;D}(N—1-2)+
giD3(N=1=3)+pyDi(N—1)+

p D/ (N—t—=1)+p,D/(N—-1t—-2)+

ps D] (N—t=3)+n;(N—1)

for t=010 N .. (8)
As
D,(t)==d,(N—1)
D (t)=d[(N—=1) e (9)

we can see that

*

DI (N—t—k)=—d

2 2
—d,(1+k)

* — —
DI(N—t—k)=d (N—(N—1—k))=
d (t+k)
for any arbitrary integer k. ... (10)

Thus, the received time reversed and complex conjugated
measurement can be written as

*

r3(t)=r2(N—t)=—g;dz(t)g;‘dz(t-l-l)—
g d,(1+2)—gid,(t+3)+pyd (1)+
pyd (t+1)+pyd (t+2)+pyd (1+3)+
ny(N—1)

for t=01t0 N . (11)

3. Linear Combining

To illustrate linear combining in the time domain we can
take a slight shortcut but without compromising the
elegance of the proof. We assume that the channel impulse
response is only 2 taps in length so that the number of terms
to be handled is reduced. When the number of taps is
increased, this will only increase the extra terms of a similar
nature, whilst the concept will not change. The original
work in [2-4] uses the g-operator which avoids carrying
over too many terms. The idea in this section is to formulate
all the equations in discrete time in order to aid
implementation and understanding. However, if we wished
to compare the received sample expressions in the g-domain
we can simply re-write the expressions for r1(t) and r3(t) as

[rl(t)]: gla™") pla") [dl(t)]+[n1(t)]
ra(r) p(q) —g (q)||d,(1) ny(r)

where

glg ')=g,+g,9 '+8,q9 *+g5q°

pla )=py+pr.a '+p,a *+pyq°

g (q)=gs+gia+g,a°+8:4q°

p (q)=po+pia+pia’+piq ... (13)

Again following the simple approach of assuming that there
are only 2 taps in the channel impulse response, i.e.

glg ')=g,+8,4q

pla )=py+p,q"

g (q)=g,+g,q

PG) =P+ P q s (14)

To perform linear combination, the received data samples
are filtered in the following manner:

To generate Antenna 1 measurements 2 (l) , pass
ry ( t ) through a non-causal filter with coefficients g g
and g;k , pass F 3(I ) through a causal filter with

coefficients P, and P, ,and sum the results.



100

1+

a-rrr

20 symbols ...

I-ZZ-ZZ-Z-Z-Z-I-Z-Z-Z-ZCotrI

= ==+*=a3-rrr

-1

101

Bit Error Rate

- % 4+ H

102

—FH+H - - -

103

Channel
Knowledge

104 |

FrRFHH---F-FA—44+HF - -4 -4~

~7777777 60 symbols ]

14 16
SNR (dB)

Fig. 1. Bit error rate plotted against signal-to-noise ratio for training
sequence lengths of 20, 40 and 60 symbols and for perfect ("non-
estimated”) training used for channel estimation in a TR-STBC system.

To generate Antenna 2 measurements < ( t ) , pass -1\ _ * nol
g 2 p* ylg.qg )=y, ¢ "+ vy, g +..+
r, (1) through a non-causal filter with coefficients p , C(n 1) B
r r
and pr , pass Fj (7) through a causal filter with Yot o Y., 14 Y., 4
ici — — _ gk 1 * -1
coefficients — &, and — & , and sum up the results. :hl(q)hl(q )+h2(q)h2(q ) (19)

Zl(t)zg;rl(t)+grr1(t+1)+p0r3(t)+

It is easy to see that for a 4 tap channel response we have

pralt—=1) (15) n,=3

i X S TS SIS ST S ST S S
Zz(t)zporl([)+p1rl([+l)_g()r3([)_ yo po pl pz p3 go gl gz g3
g ra(1=1) (16) YiTPogP TP Pyt PPyt 88,788,788

Substituting the expressions for 7, (r ) and 74 (t) and

performing algebraic simplifications results in the following
expressions:

g (t)=yod (t1)+ yd (1=1)+ yd (t+1)
5, (1)= y d, (1) +y dy(t=1)+ y d,(1+]1)

As formulated in [2-4] for a general nr-tap channel, the
complex conjugate coefficients are given by

Y2 =Po Pyt P P3t808,18] &5
Y3= Py Pyt 8085



4. Simulation Results

The simulation scenario consists of two transmit antennas
and one receive antenna. A 4-tap channel model is assumed
for the simulation and each symbol is oversampled 5 times.
55 bits (BPSK modulation) are transmitted in the forward
and reverse data time slots from each antenna. There is a
window of 5 bits between the forward and reverse data
blocks when known data (—1s) is transmitted.

The time-domain equations in section 3 are applied to the
data in a MATLAB simulation, with a view to determining
the effect of channel estimation accuracy. In this case
channel estimation accuracy is varied through adjusting the
length of training sequence used to determine the channel.

Fig. 1 illustrates the effects of channel estimation accuracy
on the achieveable bit error rate (BER) versus signal to
noise ratio (SNR). As can be observed the best performance
is obtained when the number of training bits used is
increased. The plots are shown for 20, 40 and 60 training
bits, and for perfect channel knowledge.

The graph shows that moving from 20 to 40 training bits
yields a relatively large improvement in system
performance whereas increasing still further to 60 bits
yields proportionately less improvement.

5. Conclusion

Previous research has introduced the TR concept to the
space time processing research field. The method has
proven particularly suitable for the mitigation of inter-
symbol interference.

This paper reformulates the published TR equations into a
time-domain representation suitable for implementation.
The implementation equations have then been simulated to
account for different degrees of implementation accuracy.
Results indicate the degree of overall numerical accuracy
required to maintain a given level of ISI immunity for given
simulation channel.
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