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Abstract—Antenna selection is a low-complexity method for creating a system in which transmission is on the Eigen-
pragmatically exploiting spatial diversity in wireless systems. It modes of the transmit antenna correlation matrix. The agtim
has potentially reduced hardware cost compared to space-time design of the resulting MIMO system is for transmission

or MIMO (multiple-input and multiple-output) coding, due to . . . . .
the reducti(on inpthe rfmount of rad?o freqSen)cy (RF? hardware [N the direction of the strongest channel covariance matrix

required. Whilst receive antenna selection is perhaps more com- €igenvector [1]. These schemes generally perform better th
mon, transmit antenna selection also offers several advantages STC, and can improve reliability and increase throughput
particularly for hardware-costly transmit schemes such as those vija both array and diversity gain. However, the improvement
requiring linearisation. In use, transmit antenna selection (TAS) ~ymes at the expense of greater hardware cost and increased
requires at least partial channel knowledge at the transmitter in L

order to perform selection. This knowledge usually comes in the CSI feedback rates, and may. be sgnsmve to fe?dbac'f delay.
form of an index to the best set of antenna/antennas fed back fn  MIMO system costs are also higher in that transmit/receive R
the receiver; which implies a delay between the channel being electronics paths are required for every additional argeand
sampled (at the receiver) and this knowledge being acted upon algorithmic processing consumes computational resources

(at the transmitter). In this paper, performance degradation due — Tangmit selection diversity or transmit antenna selectio
to outdated channel knowledge is determined analytically, and

related to channel characteristics. A predictive scheme is then (TAS)_ IS a_ cost_-effectlve _and IOW C_ompIeX|ty_ closed loop
developed to mitigate against delay-induced degradation. Several technigue in which a receiver periodically advises thedfan
factors relating to TAS system performance under different mitter to select a subset of transmit antennas, chosen to

channel scenarios both with and without mitigation are explored. maximise SNR. Compared to transmit beamforming, this can
Closed form expressions for performance metrics such as bit substantially reduce hardware costs, since fewer RF haedwa

error rate (BER), outage probability, average signal-to-noise réo hai ired: iust ltiol t lect bset of
(SNR) gain and higher order moments of output SNR are derived Chains are required. Just multiplexers 1o select a subset o

and verified by simulations. The impact of prediction is analyzed transmit antennas. At the same time, diversity and array gai
for different TAS setups and channel prediction scenarios, as & benefits are maintained. Furthermore, antenna index fekdba

various system design parameters. needs only a low bandwidth channel (compared to full CSI
feedback). In this paper we analyse a TAS scheme employing
maximal ratio combining (MRC) at the receiver, where a
single best antenna is selected for transmission based on
MIMO (multiple-input and multiple-output) is often citedthe knowledge of fading statistics at the receiver. MRC, as
as a solution for achieving the high data rate demands arf optimal combining scheme irrespective of channel fading
future wireless networks through increased spectral effyi  statistics, is suitable for most amplitude and phase maoglla
and link reliability [1]. Future systems are expected tdtar signals [3], and has been adopted at the receiver. At highsSNR
optimise performance by being capable of adapting to varg-TAS/MRC scheme such as this can achieve full diversity
ing propagation conditions during operation — switching arder, and can approach the performance of some complex
adjusting parameters to suit dynamic channel charadtaristspace-time codes of the same spectral efficiency [4].
such as channel state matrix, signal-to-noise ratio (SNi) a Feedback delay, leading to outdated channel knowledge at
the presence of interference. Based on whether or not charthe transmitter, is particularly troublesome for TAS: agti
knowledge is available at the transmitter, MIMO systensn degraded information to select a transmit antenna, ef-
can be classed as either open or closed loop. Traditiofattively reduces antenna diversity, adversely affecggm-
space time coding (STC) techniques are inherently open lotyl error probability (SEP) and bit error rate (BER). It is,
and Orthogonal Space Time Block Codes (OSTBC) [2] caf course, more significant in fast fading channels where
achieve full diversity while enjoying just simple maximum-a return link delay might render any channel information
likelihood (ML) decoding. The low code rate disadvantage aompletely outdated by the time the transmit antennas bwitc
this scheme when used with more than two transmit antenridss is especially true if TAS is used in mobile systems
and complex modulations, can be rectified by a trade-afperating at S-band frequencies of around 2 to 3.7 GHz,
between spectral efficiency and higher decode complexiguch as in WiMAX (worldwide interoperability for microwave
However, there is still a need for extra transmit chainsth&rr access), where Doppler shift is an important consideration
performance gains can be obtained in closed loop systemsHurthermore, such adaptive techniques when combined with
providing a channel state information (CSl) feedback pathjreless systems that have restricted uplink feedbacks rate
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A. Related work

Channel prediction was proposed initially for a DECT
(Digital European Cordless Telecommunications) framéwor
to improve transmitter combining and selection diversigyng
[5], however the analysis is limited to a single receive an-

tenna at the mobile. The importance of long range chanmgbcks based upon current and historical channel infoonati
prediction beyond coherence time in mitigating the effe¢{7] The benefits of using long range prediction (LRP) of
of deep fades was investigated by Eyceoz and Duel-HallgRannel values for TASP decisions are evaluated and comhpare
[6], while [7], [8] applied channel and power prediction tQyith a non-predictive (TASD) scheme acting on outdated
improve transmit diversity performance in frequency s@lec channel information, for a range of system configurations.
W-CDMA channels. However, the analysis was restricted togeveral performance metrics related to BER, outage prbbabi
two antenna, single receiver system, where an upper boundi{g and SNR gains, which will be useful for efficient system
BER with perfect prediction was the performance benchmatgesign, have been derived and analysed. A block fading model
With regard to channel prediction, an extensive analysis g{cilitating LRP is incorporated into the TAS setup, and TAS
linear prediction for mobile radio channel coefficients hgg compared with TASP. Several design trade-off possitsijt
been developed by Ekman [9], [10], where efficient nois@at may be of use to system implementers, will be discussed.
reduction using Wiener smoothers, as well as an unbiasgdy|| cases we assume that noiseless estimates are agailabl
power predictor in SISO (single-input and single- outputhy receiver demodulation, so that feedback delay effeuits,
channels is proposed to improve performan@ien et al. [11] and without prediction, can be isolated.

employed prediction using pilot symbol assisted modutetio The paper is organized as follows. Section Il presents
(PSAM) for combatting delay in an adaptive modulatioghe system structure and channel models, where in Section
receive diversity system. Similarly Zhou [12] dealt withath ||-E, the fading probability density function (PDF) of the
nel prediction for transmit beam-forming with MRC. LinearfaAsp scheme is derived. In Section IlI, the closed form BER
channel prediction was applied for two transmit selectivequation is derived and the merits of using a predictor are
Alamouti STBC schemes [13], however this did not includgjscussed with respect to various TAS/MRC configurations.
a complete mathematical analysis for the prediction pmcesection IV derives the outage probability of the TASP scheme
Joint transmit and receive antenna selection was consideggq compares it with the delayed version. Next in Section V,
in [14], [15] where the impact of feedback delay on BERhe fading statistic of the TASP system is derived for use in
was been analysed over flat fading Rayleigh channels. Gakognizing TAS/MRC systems of similar performance. Sec-
and Giannakis [16] considered the performance of an ide@jn v| then discusses the investigations of TASP perforcean
combined transmit selection diversity and receive geim @l \y 1.t channel power prediction performance and their getev

selection combining over Rayleigh fading channels. Movingperating characteristics, then Section VII will conclutie
beyond this, a spatial diversity analysis of an ideal TAS®MRpaper.

scheme was published by Chenal. [4], where performance

metrics such as BER for binary phase shift keying (BPSK), Il. SYSTEM MODEL AND ASSUMPTIONS

outage probability and gains of the TAS/MRC scheme for flat In the following introductory paragraphs, we will first de-
Rayleigh fading channels were derived. Finally, the awthor '

recently introduced a similar TAS scheme limited to a tWacnbe the TAS/MRC system and the antenna selection process

transmit, two receive configuration [17]. With onl artiaf™ &0 ideal system with no feedback delay constraints. Next
L 9 ' onty b we briefly describe the issue of feedback delay in TAS/MRC.
analysis, this did not consider outage probability,

avera . . -
SNR gains, amount of fading, antenna placement trademffs,% Section II-B we review the well known Wiener channel

the equal-performance threshold between predictive ame ngredmtor. In 1I-C we derive _statls_tlcs for the power présio .
predictive TAS. process, the results of which will be used in 1I-D to derive

TASP/MRC fading distributions.

o o A block flat fading SIMO (single-input multiple-output)

B. Contributions and organisation of paper channel withV, possible transmit andV, receive antennas is
To mitigate issues related to delay between channel meansidered in a TAS/MRC system, as shown in Fig.1. Based

surement and switching, this paper considers a predictiuggon an index, 1 < I < Ny, fed-back to the transmit end,

TAS (TASP) scheme allied with MRC at the receiver, whicl single best transmit antenna is selected figmcandidates

employs a power predictor to exploit temporal channel dafre for block data transmission. This arrangement is denoted as

tion. This predictor is designed for TAS in future transrnass (N, 1; N,.). Diversity reception with maximal ratio combining

Fig. 1: Block diagram showing transmit antenna selection
based upon information from a feedback path from MRC
receive antennas and a predictor.



MPilots L, - DataSymbols The index, [, of p,..; IS communicated to the transmitter

through a feedback channel. Then for subsequent btoitie
PPIPPP PPIPPP P|P|P|P]
% %( V % % % received signal vector will be expressed as:
kth block Y (k+D)th block
Tr(;ingrl;it[)pilﬁtin{o. ﬂ ‘ ‘ y(k, m) =/ Eshl (k) J}(k, m) + Z(]C7 m) (3)
and pick best antenna D_Y

Feedback Link

with £ > 0, N; <m < L, — 1, andz(k; m) representing a
data symbol at time instarit L, T + mT;) transmitted from
Fig. 2: Transmission frame, showing pilot symbols at the the selected antenna wiffi; as the power per data symbol, in
start of each transmission block, and delay between pilot the k™ block. T, is the symbol duration in seconds and block
transmission and the antenna switching point. length is L, symbols.h;(k) is a (N, x 1) channel vector,
the I column of the channel matri¥I(k), and assumed to

o ) be perfectly estimatedz(k) is the additive white Gaussian
and coherent demodulation is employed at the receiver, angfse (AWGN) vector with distributiorCA(0,o2Iy,) with

block stationary channel assumed. We adopt the well knov(ylg = Ny, the receiver AWGN noise power for a given receive
pilot symbol aided modulation (PSAM) technique that Wagranch. T, is an identity matrix of dimensionV,. Perfect
formulated in [18]. Our PSAM block structure essentiallthannel estimation is assumed to enable coherent receiver
amounts to a SIMO version of the one in [12], which extend$smodulation. A common way to achieve this in practice,
PSA_M plus d?versity [11] (copsisting of a single transmitir_;tn used in adaptive systems such as [22], [12], [11], is through
multiple receive antennas), into a full MIMO beam-forming,gncausal channel smoothing Wiener interpolation filte8,[

system. o o [23]. We also assume that indéxs received error-free.
As shown in Fig. 2, periodic pilot symbols from each

antenna are inserted at the beginning of every block of kengt .
Ly in a turn-by-turn fashion, so as to enable channel estimatié' TAS with feedback delay (TASD)
for each transmit-receive pair. The pilot symbols consitu Even with perfect channel estimates being used for antenna
the first N, entries of the block and aid in channel predictiogelection, the performance of TAS/MRC will degrade as a
and estimation. For data transmission, only one activestrin result of acting on outdated knowledge at the transmitter.
antenna is used for each block. The channel matrix of sikarge delays render feedback information useless, eftdyti
(N, x N) for the k™ block is H(k) with the complex fading breaking the feedback loop. Delays are commonly caused
coefficienth;;(k), 1 < i < Ny, 1 < j < N, as its entry, by error coding/decoding, reverse channel blocking, ARQ,
denoting the true fading coefficient of the channel betwed&andwidth restrictions or higher layer protocol procegsin
the i transmit antenna and th&" receive antenna. Given aD block delay, the transmitter relies on switching
The Channe|shl.j(]f) are characterised as Spatia"y inde'Lnformation sent by the received blocks earlier. Thus (1)
pendent and identically distributed (i.i'dyomplex Gaussian and (2) now become:
random variables with distributio€\/(0,03) that follow

Return Delay
P04

! k)= Lk 4
Jakes model [19], [20] with Doppler spredg (assumed equal Pmaa (k) 12IEN, pi(k) @
for all channels). Also they are considered to change slowly N,
so that multiple training signals can be transmitted withou pilk) = Z s (k — D)2 )
significant frame overhead [21], making antenna selection oy

for block fading a practical solution. Essentially, we will . .
assume that channel coefficients are constant over a blodk, he channel coefﬂmentg at the prgsent_bldxcldﬁfer from
temporally correlated between blocks. For each block mstd"0Se€ at block(k: — D), with the relationship [24], [25]:

k, the transmitter receives switching information from the Ny _ 25 \/T y

receiver: an integel, denoting the index of the best transmit g (k) = paci, hij (k= D) + /iy = pa® i (k) (6)
antenna to be used. The criterion for selection is to picithere the correlation between the true and delayed or out-
an antenna which provides the highest power or SNR galated fading gain is given asy = E[h;;(k)hj;(k — 7)] =
amongst all transmitters. In an ideal case, where there is #8.J, (27 f47) [19]. E[.] is the expectation operatody(.) is
feedback delay, the receiver picks the transmit antenn wihe zeroth order Bessel function of the first kind ands
signal powerp,,., to maximize the post processing SNR athe feedback time delay length given by= DL,T. n;;(k)

the output of the maximal ratio combiner. is AWGN with zero mean and unit variance. Delay causes
K) = . 1 channel mismatch, hence performance degradation occurs as
Prmax(k) = 12i8%, pi(k) @) aresult of poor antenna selection. In addition, sifigec v f.,

where v is the vehicle speed anfl. is the operating carrier
i 5 frequency, the normalised delay terfar becomes larger for
(k) = 3 [his (k)| @ i | | -
Pi( i higher vehicle speeds and higher frequencies. Thus thanehan
i=1 correlationpy is dependent on feedback delay, velocity and
1 : o carrier frequency. For very small values of normalised feed
The assumption of i.i.d is valid since large antenna sepmarati the base back del 1 fficient ch | lati it
station is feasible, while for the mobile receiver the sefiamadistance can PACK 0€ ayfar << 1, sufficient c anne_ Co_rre a lon ex!s S _SO
be made small because of a rich scattering environment. thatp',,,.(k) = pmaz (k). Therefore switching information is

N7



relevant, and the BER degradation may be small. For a lar§e Prediction of channel power

delay, p; tends to zero; essentially resulting in the transmitter |y this section we develop a framework for the MRC
acting on completely outdated channel knowledge, causipgwer predictor, to determine fading statistics for prestic
incorrect antenna selection. Intuitive_ly one would thepent power and post-processing SNR at the receiver. This will be
the TASD/MRC system to behave like an open loop systemseful in deriving fading statistics for the TASP/MRC syste
simple MRC with one transmit antenna. In general, despifscussed in II-D. Based on th® block ahead predicted
using a clear estimate for antenna selection, delay degthde channel coefficients, at instait the receiver computes the
BER of TAS/MRC, an effect that will be explored in Section.orresponding predicted channel power for each antenna and
II-D and beyond. selects a transmit antennia,corresponding to the maximum
power gain. Mathematically this is:

B. Wiener channel prediction N, 9
To combat delay we aim to predict channel coefficients pik+D) =) hij(kJrD)‘ )
ahead of time, to improve antenna selection performance. j=1
The channel prediction filter here is strictly causal in natu Pmaz(k+D) = max p;(k+ D) (10)
1<i<N,

and to enable prediction, channel estimates for each block
are obtained using PSAM [18]. For a block of data, channEkamining the statistics of the power predictor will natlyra
estimation is carried out independently for all channelghw lead us to the derivation of the fading PDF of the post-

the entries of channel matrild (%) estimated as: processing SNR, given in II-D. Note that the average value of
~ error €,(k + D) = p;(k + D) — p;(k + D), while predicting
hij (k) = hij(k) + vij (k) (M based on power, is non-zero as was the case with simple

where ﬁij(k) is the channel estimate while;;(k) is the channel amplitude prediction; it is known to be biased [9],
AWGN channel estimation error with distributiai\/(0,02), [10]. It can be seen thai[e,(k + D)] = Ny (o}, — "R "'r).
with 02 = Ny/E,, E, being the power of the pilot symbol. Thus the power prediction is itself biased. The MSE for the
Thus the variance of the estimated channel amplitude isigiv@iased predictor is2 = E[|p;(k + D) — p;(k + D)|"]. With

by 02 = 07 + 02, since it is assumed that,; (k) andv;;(k) ~Use of the average channel power gaip;(k + D)] = N.oj,

are statistically independent. Note that the same estawaite and the average predicted power gaip; (k+D)] = N,0? =

aid in channel smoothing for perfect receiver demodulatiaN,r?R~'r, along withE[h;; (k + D)h;(k + D)] = f,;, and

as assumed before, therefalig;(k) = h;;(k), for receiver identity (A-5), the value of the MSE for the biased power
symbol detection. For channel prediction, a vector of deday predictor can now be determined, after deriving the foltoyvi
estimates obtained from (7) are uség),/N, here is assumed

to be at least equal to the average receive SR, practice, Elpi(k+ D)’} = No(N;+ 1)y, (1)
the pilot power could be made large enough to achieve channel Epi(k+D)’] = N.(N,+ 1)} (12)
smoothing for demodulation purposes [26]. Elpi(k + D)pi(k + D) = NEU;%U,% + N Jpralt (13)
The Wiener-Hopf equation for th@® block ahead pre- i ) .
dicted channel ishi; (k+D) = wi, h,, where h; The above equations are also useful in determining the nor-

is the complex vector of estimated fading amplitude@ahsed correlation coefficierg, between the predicted and
corresponding to prediction lengti. given by Eij _ actual SNR, which is described in II-D. For simplicity, we

~ ~ ~ T . shall assume? = 1 for the rest of the calculations. Then the
[hi-f_ (k) hij (k= 1), . e hij (k — (L ~ )] andwop 'Sf?e instantaneous post-processing ShRk + D) for any transmit
optimal complex coefficient vector given by,,: = [R] 'r antenna is:

where[R]_,= o7 Jo 27 falp — 9| LyTs) + 026(p — 9), and _E,

r, =02Jo (27 fa|D + ¢ — 1|LyTs) ¢, 9 = 1,2,..L. When vlk+D) = No pik+D) (14)
? . . -

o, = 1, the normalised correlation coefficient between thgnq the corresponding predicted SNR gain is,

true and the predicted channel is given/gg = vr/R~!r >

which is bounded 0 < p,; < 1, a value of one meaning 4i(k + D) = == pi(k + D) (15)

perfect prediction and zero meaning no correlation between . No

predicted and actual channel. The prediction error for amjth their means as:

channel is given bye. (k +D) = h(k + D) — h(k + D) _ B, ., E,

with the mean square error (MSE) being minimized when the % =Bk + D)l = FONTU*L - FONT (16)

optimal coefficient vectow = w,,; is used. Then the MSE =~ E E

is given bymin,, , 02 = o7 —r#R~'r and is bounded by  7; = E[;(k + D)] = FSNT.UE = FSN,.rHRflr (17)
0 0

0 <02 < of. Then the true channel can be written as: o _ _ N _
i Both are gamma distributed with their probability densit
g p y y

hij (k + D) = hij (k+ D) + /o2 — p. ny;(k+D) (8) function (PDF):y; ~ G(N;,7) and5; ~ G(N,, %) whereN,
hh ; = _ B ~ _ Es 2
is the shape factofy = > andy = o the scale factors
wheren;;(k+ D) is AWGN with zero mean and unit variance.of the gamma distributions, also equal to the average SNR per
The predicted channel amplitude is also a Gaussian randeymbol for the true and predicted channel respectively. For

variable with variancer}?l =rR"Ir. an error rate analysis it is required to determine the fading




distribution of the true maximum channel SNR,.,(k+ D), Using (11-13) and (16-17), the value @f, can now be
which is the maximum of the SNRg (k + D). Similarly the determined. The power correlation coefficient can be shown

predicted maximum SNR i§,,.. (k + D). to equal the square of the channel correlation coefficient
so thatp, = pzﬁ (note that this is because the coefficient
D. Fading distribution of a TASP/MRC with prediction vectorw,,,; is also the underlying factor used in the channel

. _power prediction calculation). Note that in this case also
The TASP/MRC symbol error probability, outage probab|l7—a — p,. Examining (24) more closely, we see that as
= pp :

ity and fading statistics, can be derived by first obtainimg aapproaches zero (meaning very poor prediction), the term in

expression for t'he PDF.... (7){ Whic_h i,S thg d?stribution of the exponential becomes independentyoBy re-factorising,
the random variable,,,,,.. We will omit time indices becauseé

~ (v|%) is found to be independent df and equates to
of the assumption of a stationary random process. The P (F”V;(Vh) P of a

¢ . ~(7). This means that the true instantaneous SNRill
Of frmae (V) 15: be independent of the predicted SNR thereby rendering
_ ° . o TASP ineffective with the system behaving like a simple MRC
Frmaa (V) = /0 FOID) Fymae ()3 (18)  system with a single transmit antenfi 1; N,.).
* f(v,3) o By use of multi-nominal and binomial theorems, the power
) Nve Samae ()Y (19)  of the polynomial in equation (22) can be expanded for use
5

with (24). Finally, using integration results from [28] &

f(7,%) being the joint distribution of and4, f(v|7) the PDF  3) the final closed form PDF expression is derived as:
of + conditioned ony, and f5(¥) the PDF of the predicted

power given by (we have dropped indegince the distribution Ty () = Nyt
is the same for all antennas): e (N —1)!
N1 5 (Y (i + 1)y
. A _ = by
fa () = oy ————exp () (20) Z i!(Nt—l—z’)!eXp< i(1—p )—i—lh)
(N, — 1)1 3 =0 : (26)
i(Np—1 s
Famas (V) is the PDF 0ff,,q4. To derive fs, . (§), we deter- (Z )7 (i, 5) 3! (1= pp)A)!
mine the cumulative distribution function (CDF) 6f ' = NI [(i(1 = pp) + 1)7]I+ N~
N,.—1
. R - (N,—1) PpY )
A -1 — ! m L —— —
F45(%) =1 — exp(—4/4) 7;)(1/7%-)(7/7) (21) j ( B0 p) + 1A= p
N,.— ; ;
Making use of order statistics [27], the PDff,,,(7) can be WhereL; ‘() isthe Laguerre polynomial [29] (see A-2) and
calculated as follows: 1, (i, ) [28] are the %oeliflc[entsl of,j =0,1,...i(N, — 1),
N1 in the expansion of) ;" 27 /j!)", obtained as per eqns. (A-
Samar (7) = Nef (D) [F () (22) 1) and (A-2) in the appendix. For the TASD case, the fading

DF is derived in a similar manner. However the important
ifference is that in the TASD case, as per (4) and (5) we
will use a perfectly estimated or noiseless channel coefftci

Both v and 4 are mutually correlated, determined through
bi-variate gamma distributio’” ~ (N,., 7,4, pp) as follows:

Fon (123) = {f(w)f(l?(NT—l)! (@)*Wﬁl)/? for antenna selection. This can be thought of as a highly
' Pr Y smoothed version of the channel estimate, used for gengrati
In. 1 ((ff) \/31) instantaneous antenna index. Note that for TASD, the PDF of
v the maximum of SNRs would result in the same form as (26),
exp (—ﬁ—’;p (% + %)) } (23) the only difference being in the power correlation coeffitie

) a _ _ ] _ pp,» Which has to be replaced now with, = JZ(27 fq7)

Iy, —1(.) is the modified Bessel function of the first kind W|th[19]_ Later we will see that power correlation, in TASP
order (V, — 1) and p, is the power correlation coefficientcan pe made to exceed; for any channel feedback delay,

of the true and predicted fading SNRs. To proceed further, Wgs outperforming a TASD system; even one that uses a clear
expressy = 7 (as seen from (16) and (17)) whee< » < 1. channel estimate for index generation. The advantage of the

Utilising f5(%), the PDF ofy, we can writef(v|¥) as: TASP scheme will be observed in the following sections.
ry (N.—1)/2
Fon 7)) = { <,07) Ill. ERRORRATE ANALYSIS

2,, - The average SER at an average SNRer receive path is

In._1 (W) found by averaging the probability of symbol error in AWGN

(1= pp) V17 over the fading distribution of the TASD/P schemes, in slow
_ppy Ty 1 (24) fading or in quasi-static scenarios. Exact, or approginﬁlam
P\ - o)1) (= p)7 accurate), values of SER for coherent demodulation can be

. found from:
Furthermore, to determing, we know that,

pp = Cov(7,9)[Var(y)Var(3)] 3 (25) P(7) = / Po(v) Frmaa (7) dy @7



where P;(y) ~ aQ(v/B7). a and 3 are determined by 10 ¢
specific constellations an@(.) is the Q-function [30]. With

a =1, 8 = 2, the exact BER for BPSK is found, while 10
an approximate SER for rectanguld?-QAM (quadrature
amplitude modulation) is found withy = 4(v/M — 1)/v/M) 10
and 8 = 3/(M — 1). To evaluate (27) we first expand the
Laguerre ponnom|aI using (A-2). Next collecting the terms , 10
containing exponential and the powersyoin (26) along with
the @-function, we have the following inner integral to solve:

—<4— TASP{1=002 (Th)
-5[| —6— TASPfr=0.1(Th)
—8— TASP{1=0.2(Th)
—D>— TASDf1=0.02(Th)
~6||. —y— TASDf1=0.1(Th)

JNT(i k ﬁ) = 1074 A TASDf:r:OZ(Th.)

Bit Error Rate
=
o

i+1 ~ k+N,+1 , +(1;gz)fMRcOEZe(osry)
= <« TA Pdrz im)
/0 aQ\/ eXp( 1[7)4’1) (’7) d’)/ 10 g ¢ TASPfr=01(Sim) '
p . 1= im.
G o)+ D0 ) 5 gl it 7
=« (k + N, — 1)! |: P - ‘ :l v TASDr=01(Sim)
2(l + 1) S TASDde:OZ(SIm) L
l+§:_l (k+Np—14+D! (14 p,; : 02 4 6 8 10 12 14 16 18 20 22 24 26 28 30
SNR (dB)
(k+ N, —1)! 2
1=0 (28) Fig. 3: BER performance comparison of BPSK for
TAS/MRC (2, 1;2) with and without prediction at different
B( _(1 ) n 1)_ delays, showing theoretical and simulation results.
— pp
= 29
: \/2(2+1)+6((1—pp)+1)7 @9 |
--- TASD
which can be solved using the result of the integral [3] (3A.5 102 L H | —TAsP|]
Finally egn. (27) is presented as: ST
Ny—1 OB e
P,(y) = .
5(7) —I'ZZ'Nt—l—Z) 107" - (10dB) _ -
i(N,.—1) E
> nn(6,4) (G + Np = 1)!
J=0 (30) w107
J (1—p,)i—F N7 kN @
Z pp Pp |:(1 - Mz):|
P 0 (1—pp)+ 1) |20 4+1) -
’”g: (k+Ne =140 (14
— U(k+ N, —1)! 2
-10 | 1
As a check, we may considéiV,, 1;1) with 5 = 2 for 10 1072 10" 10°
BPSK modulation, ang, = 1, implying full prediction or the Normalised feedback delay .t
immediate (nc.) delay) case, then(i, j) = 1, and the BER in Fig. 4: Feedback delay tolerance of BER in BPSK(2f1; 2)
(30) becomes: scheme for different SNRs df, 10, 14, 18, 22 dB with and

without prediction.

N — = T
,Zl (I-vy/(+i+1)
Z'Ntflfl) 2i+1)
which verlfles against the simple case of [4], equation (26).Fi9- 3 compares the BER performance of BPSK, in the

o s [1=vA/GED o ASIMRC system, with and without prediction, for small to
Similarly whenp, = 0, Ps(y) = 2 which is the - ge\ere normalised feedback delaysof2, 0.1 and 0.2. In

trivial case of BER of BPSK in a Rayleigh fading SISO linkorder to verify eqn. (30) we also plot simulation resultsr Fo
Numerical exampleTo illustrate the benefits of TASP, letsmall ¥ and small delay, the performance of both schemes is
us consider BER performance of TASP, 1;2) compared to nearly equal. For de — 3 BER, compared to TASD, TASP
simple TASD. For all numerical and Monte Carlo simulatiomffers a gain of2dB at 0.1 delay, and3dB at 0.2 delay.
setups, we shall seéf; = le — 06, E,/Ny = 30 dB, f; = Similarly for a 1e — 5 BER, the gains are aboutdB for
100Hz, L, = 1/(100f,Ts), L = 5 (5 tap predictor). The 0.1 and0.2 feedback delay; while for lower BERs the gains
correlation coefficient is affected by many system pararseteare found to b&d B and5d B respectively. At large delays, as
so that several dimensions of system performance trader®ff expected, the TASD system behaves like an open {@op; 2)
possible. The choice of these parameters, and how they timpslfRC system: as seen in the graph, TASD tends towards the
system performance, will be explored in Section VI. (1,1;2) MRC BER curve, while the TASP system also tends



to the(1,1;2) MRC BER at a slower rate. These observations 10 ,
also indicate that there is an increase in degradation rate w
delay for the TASP/D case.

The degradation effect is seen more clearly in Fig. 4 whict
plots BER against normalised feedback delay for five differe
average receive SNRs in(8, 1;2) configuration. In compari-
son to TASD for a delay of.02, the performance of the TASP
system is almost as good as the system without any feedba§
delay. For small SNRs and small delays, the performanc
of TASD and TASP are quite similar, with additive noise &
dominating performance. TASD degradation begins at aroun
0.03 and higher, while TASP holds BER steady until about
delay. At higher SNRs of aroun22 dB, TASD experiences
degradation as early &01 delay, while TASP can tolerate up
to about0.04. For small SNRs, in both TASD/P, degradation
is more pronounced at larger feedback delays than at small
ones. This effect can be explained by looking at the powe
correlation coefficienf, in the BER equations. For TASD,
pp = JE(2pifar) [19], which falls off rapidly for increasing
values ofr. By comparison, the power correlation coefficient ;4
for the TASP case is equal i R~'r, which is a quadratic
function, with shallower slope at smaller values of delay
compared to the coefficient in TASD. The comparison of
the correlation coefficients for both cases will be exploired
Section VI.

Fig. 5 plots the degradation of BER for different setups
of TAS evaluated at a receive SNR of 10dB, chosen
so as to yield a range of BER values. Even small delay
starting from0.02 in the TASD arrangement cause signifi-
cant deterioration in BER. By contrast the predictive schem
sustains performance almost unchanged out to around dela
of 0.1. Relating this to a real system, at a carrier frequenc)

ate

10 107 10
Normalised feedback delay fdr

@

Bit Error Rate

of 900 MHz at a walking speed of m/s, a time delay of not 107k o 1
more than ms can be tolerated by TASD. TASP, by contrast, (313) = =C S |-~ TASD

can withstand up t@3 ms. Similarly for vehicles moving at R ‘ [——TASP

27.7m/s (100 km/h), TASD tolerates up td.72ms while 107 10" 10°

TASP can tolerate abowdt6 ms of delay.
Fig. 5(a) looks at the influence of increasing keepingV,.

Normalised feedback delay f T

(b)

fixed and vice-versa at different delays. For increasivig

the BER decreases considerably at smaller delays, while at Fi9- 150:d]|;efedb§;:fk detIaTyAStc/),l\%agce ?.f BEtR in B.IF;]SK dat
_extreme delays, it gets_ capped to a value_ corresponding to Jvit?wout pregiLtién?r(eeS Influence O??Qc'?eu;:‘i%:sam N‘in
its open loop MRC configuration. The BER improvement due () pifferent setups withV, + N; = 6.

to increasingl; is less pronounced for higher delays in the

TASD system, while the TASP system can help to harness this

gain. It is also noteworthy that, for the TASD case, systergg 1:4) outperforms the other non-predictive setups in the

with lower BER requirement are more sensitive to feedba gion of0.01 < fu7 < 0.11.

delay. The effects of adding extra diversity are also diseds
in the following sections on outage probability and average
fading gains.

Fig. 5(b) shows the BER at = 10 dB for different systems

of equal N,. + N;. Such a plgt can aid in ghoqsing the total The outage probability,.; at any SNRy is defined as the
number of antennas used in & communications system f@bhability that the instantaneous capauaity (bits/s/Hz)
maximum performance w.rt BER, at any given delay. Fg§ |ess than a given capacity rafe and is given asP,,; =

example, with prediction, in the region 601 < f;7 < 0.25, Pr{Cs < R} [31], which, in a block fading channel essen-
for ¥ = 10dB, the (2,1;4) setup outperforms all other ggly js:

schemes, with the same number of antennas, in terms of -
BER. For fym > 0.25, the non-selectivgl, 1;5) MRC setup Pout(7, R) =
performs best. However, when prediction is not employed, =

IV. OUTAGE PROBABILITY

PT{lOg2(1 + 'Ymaa:) < R}

Pr{Ymaz < (2% = 1)} (31)



Settingz = (2 — 1), outage probability is given as: 10

Pourl2) = | Frnaa ) 1 |
0
,— i(N.—1)
Nt A (- . ;
- (N, —1)! Z (N — 1 —4)! Zo nw, (i, 7) a2 i
7= 2
I/ PR — p,)iE 3
, i\ pr(L—pp) g |
(I, - 1! , 32) ¢
R Al et IR
8
8 — — -TASD Th. |

(e
' { (i + 1)Nrtk P ( [(i(1 = pp) + 1)])
S B AR

i+ 1 +1 i(1 — ) + 1 N,.+k—1-1
Yy

TASP Th.

o TASD (1,1;2) Sim.
o TASD (2,1;2) Sim.
*
N

(
TASD (3,1;2) Sim.

TASP (1,1;2) Sim.
> TASP (2,1;2) Sim.
(

=0 12 ‘ < TASP (3,1;2) Sim.
where the integral in (A-4) has been utilized. As a check 10 107 10" 10°
consider the(Vy, 1;1) case: herey, (i, j) = 1. Hence, Normalised feedback delay f;t
N¢—1 i (@
(=1)* [N, —1
P, = N, - )
&= N 10°
i=0 (33)
(i4+1)z )]
Jl—exp| ——7—F—— y
{ p( (0= pp) + 117 10

Using 2% (Y1) = () and 320" (—=1)" () = 0, when
pp = 1 for full prediction, @3) reduces toP,,.(z) = (1 —
exp(—z/%))™Nt which, for high SNR, has a diversity order of
N,. Similarly, whenp,, = 0, P,,.(z) becomed —exp(—2z/7)
which is the simple SISO case with diversity reducing townit
— verifying eqn. (32). Similar analysis can be done for highe
order configurations. Fig. (6) shows the outage probability
plots for different setups of TASD/P, a = 10dB with

R =1 bit/s/Hz. These reveal how the systems behave for 15
different degrees of fading correlation and number of amasn
Simulation results are also shown to verify the equations. ‘

Outage Probability POIJt
&

— — -TASD Th.
TASP Th.

o TASD (2,1;,1) Sim.

o TASD (2,1;2) Sim.

*  TASD (2,1;3) Sim.

+ TASP (2,1;1) Sim. |

> TASP (2,1;2) Sim.

<4 TASP (2,1;3) Sim.
;

Fig. 6(a) shows outage plots féiV;, 1;2), and the depen- 107 Normal ek delay {.¢ 10°
dency of increasingV; having 2 receive antennas for TASP/D. ‘
For TASD, increasingN; decreasesP,,; considerably for (®)
smaller delays, however f@v; = 4, degradation pegins garlier Fig. 6: Outage probability comparisons at= 10 dB SNR
than0.01 delay. At larger delays, the effect of increasing between TASP/D schemes with fixed, and increasingV;
offers little improvement as seen aroufig- = 0.1. The TASP and vice-versa, ak = 1bit/s/H z, showing theoretical and
setup however tolerates delays up to aroyfyd = 0.05, simulation results.

and behaves in a similar fashion to TASD for greater delays;

while at extreme delays, as expectdd,,; tends to a limit

corresponding to the open loop MRC configuratior{fl; 2) V. FADING STATISTICS OF THE OUTPUT SNR

for both cases. It is also seen that for high order schemesWe evaluate and compare the different TAS configurations
the degradation rate is higher for higher delays; wherelmased on moments of the signal amplitugg,... Closed form
(4,1;2) degrades faster than €,1;2) scheme. Fig. 6(b) expressions for average SNR gain, signal variance and amoun
is plotted for increasingV, as (2,1;N,.) and behaves in a of fading (AF) are derived. Such measures could find use
similar fashion except being more delay tolerant comparéu comparing system performance of the existing TASP/MRC
to (Vq,1;2). For increasing values ol,, P, decreases scheme with schemes that use different fading models, and
considerably at smaller delays. Similar to the previouscagpossibly across other MIMO architectures, where closeohfor
for extreme delays, each setup tends to its correspondsgutions of common performance metrics such as BER and
(1,1; N,.) MRC configuration. The setups here have the samneitage probability are not readily available. The avera® S
number of antennas as in Fig. 6(a), with MRC being thgain can be used to quantify and compare across different
dominant factor in providing increased array gains. Thep alTAS/MRC schemes. Specifically here we compare the gains
having the advantage of decaying at a slower rate as det#ydifferent TAS/MRC schemes in the presence and absence
increases. Thus g, 1;4) setup may be better than(4,1;2) of the predictor.

setup. The average SNR gain of the TAS®V;, 1; N,.) system is



8 compares post-processing SNR gains achieved by different
b TASD and TASP configurations for a wide range of delays. As
P before both TASP and TASD show a decrease in gains as delay
} increases. Depending upon the amount of gain required at a
given delay, the predictor can attempt to keep gain constant
This has a direct bearing on the amount of power put into the

[<2)
T

@
e
£5F 2 . . : : :
T P +:i§ :zaz;zg’;; pilot symbols. In all graphs, increasiny, keepingN; fixed
x, S e =4, x=025 (1) [ increases the gain, but not linearly. The gain in going frora o
Td : . . .
o — b - TASDL=2, {1025 (Th) receive antenna to two is greater than from going from two
o = t to t ter than f from t
€3 féfTAiD%&?ﬁg-fET:-; H to three: in general increasing, gives diminishing returns
> —AfTADL\:4, 1=0.25 (Th. . . .
< . TASPL=2, {1025 (Sim) of post-processing SNR gain. Looking across the graphs, at
2 « TASPL=3,1r=025(sim) [{ given delay, any gain improvement obtained by increasing
L . KzEH‘;ffZiZ’")) N; (keeping N,. constant) is less than from increasing.
e > =2, f 1=0. im. . . . .
C 150 . TASD:%‘f:T:Ozs(SimJ’ (keeping N; constant). Depending on the required gain, a
2 4+ TASDL=4,f,1=0.25(Sim) system designer can choose the most appropriate configurati
0 2 ’ 3 2 based upon available resources. For example, as seen fgom Fi
: , .1, it wou wi invest i , 1
No. of receive antennas 8, at a delay oD.1, it would be wiser to invest in 1;4
F|g 7: Comparison of normalised average SNR MS/W Conflguratlon W|th pl’edlctlon than to use (a, 1, 3) WIthOUt

as a function of number of receive and transmit antennas at prediction under the given conditions, since tf&1;4) is
specific feedback delays ofy7 = 0.25 with and without better protected through MRC tha, 1;3).

prediction. Theoretical results are verified by simulations. Although this performance criterion is useful in comparing
different TAS schemes, it does not capture all the diversity
benefits. The fading fluctuations are also dependent on the

denoted agir4s = E[yma] and is given by: second order statistics, namely the signal amplitude negia

E| = > f (7)d (34) or the second moment of the output SNR. The second moment
Tmaz| = 0 VI maz 74 of the random variable;,,,., can be similarly obtained as:
For a (N, 1; N,) scheme, using (26), _ - ;
(Ne, 1; N;.) g (26) B 2N, NZI (1)
Nel Tmael = (N, S 1)1 2 (N, — 1 4)!
Eh’max] = Y Z ' TN . =
1 1! Nt 1 z) i(N.—1) Ny
=0 nw, (4, 3) j1 (G + N — 1)! 37
i(Nr—l) =1 ° Z . 1 _ 1 j—2 ( )
N (¢ el = i =py)+1]
Z nNr(Zh])]'[(Z(l_p )+ ) ]J+Nr
=0 P (35) XJ: ';1— YRk + Ny)(k + N, + 1)
/ AN exp < > s R)IRN[(i + 1) Nntht2
0 [i( 1 — pp)
N1 <_ lop/(1 = pp)ly > d The amount of fading AF’), associated with the fading PDF
! [i(1 = pp) + 1]y of strengthy,,ae, is derived as:
then expanding the Laguerre polynomial, and integratirtty wi ) 5
the help of (A-4), we have: ap = Yarlimaz] _ ElVmaa] = Elymas] (38)
2 2
N,—1 . E[’Ymafc] E[’Ymax}
N \ (1) . .
E[Ymaz] = m Z m This performance measure was introduced by Charash [32] as
Ci=0 VT ’ a measure of fading severity and is independent of the agerag
iNr— 77N 1+ Ny — 1) SNR per symbofy. Thus, two systems with the samg” may
Z 1 — p ) T 10D (36) be considered to fade similarly. Win and Winters [33] used
Y the square root of the ratio of the variance of the combined
J' py(l —py)? F(k+ N,) output SNR to its squared mean, to assess the effectiveness
Z G — B)R[(i 1)kt of a hybrid diversity combining scheme in the presence of
k=0

Rayleigh fading. This performance measure is also equakto t
Fig. 7 plots the gains of the predictor and delayed scheme fxuare-root of thed F'. For example, in comparing the fading
a fixed delay of0.25, verified by simulation results which areseverity of(2,1;4) and(3, 1; 3) under no delayAF evaluated
also plotted. Note that for the delayed scheme, the diyersds per eqn. (38), is approximateh®8 dB for both, and one
benefits from adding an additional transmit antenna dirhinisnay expect them to have a similar BER performance. As a
as delay gets larger. Prediction is therefore crucial innmaicheck, Fig. 5(b) verifies this, and both schemes have nearly
taining transmit diversity. When prediction is not used,sit iequal BER for small delays gt= 10dB. However,AF' is not
beneficial to invest in receive diversity. For larggr, the gain always a good indicator of BER performance (although may
increase from adding an extra transmit antenna is less. Hig. better than average SNR). Higher order statistics of the
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Average SNR gain(dB)
Average SNR gain(dB)
Average SNR gain(dB)

1077 10° 107 10° 1077 10°
Normalised delay fdr Normalised delay fdr Normalised delay fdr

Fig. 8: Normalised average SNR gaifg 45,5 of different arrangements with and without prediction for a wide ranfgdetays.

fading SNR can also be derived, and used for further systéanger prediction ranges, the adaptation rate varies with t

analysis and design. SNR as shown. For lower SNR it is beneficial to keep a
larger block length, and vice-versa. Note however, no prior
VI. INVESTIGATION OF SYSTEM PARAMETERS AND noise smoothing has been done and it is possible that any
OPERATING POINTS out-of-band noise gets amplified, decreasing correlafitwis

A. Influence of system parameters on channel correlation higher order filters can efficiently perform better predinti

. - . by suppressing noise. Also increasing the filter tap length
The correlation coefficient which governs BER of th

feduces the optimal sampling frequency, since more piadict
TASP/MRC system, generally depends on a number of para

== ) Oefficients can provide better long term prediction.
eters such as FIR (finite impulse response) predictor length
pilot SNR, symbol rate, channel sampling frequency (lasati  2) Influence ofE, /N, and predictor filter length: At a
of pilot symbol), training length, Doppler frequency andjiven 4, normalised feedback delay and filter delay spac-
feedback delay. At higher bit-rates, to limit the number béfi ing, we can determine the dependency of the correlation
coefficients, it is beneficial to reduce pilot insertion fnegcy. and filter length with increasingy, /Ny. For smaller delays,
This sub-sampling frequency (SSF) is usually kept at mielip shorter training and prediction-filter lengths are able ssuse
of the Doppler frequency (SSF2f,), satisfying the sampling sufficient correlation. However at increased delays, great
theorem. Having a relatively high over-sampling rate mayaining length offers more correlation gain than incragsi
mean clearer channel estimates but also poorer long rarfiifer length, since clearer channel estimates offer greate
prediction with a fixed filter order, and vice-versa. We shafirediction performance. This is shown in Fig. 9(b) where two
look at the influence of these parameters one by one. sets of curves for normalised delaysiof2 and0.1 are plotted

1) Influence ofE, /Ny and SSF:As mentioned, our simu- with different E,,/N, and increasing filter lengths. We can
lations and numerical evaluations use a symbol periodl ef see that, for a larger delay, the effect of changing pilot grow
1us, with Doppler ofl00 Hz. To find the optimal sampling or is more pronounced. Maintaining the same parameters, and
adaptation rate in the presence of noise, we must determimproving the E,,/N,, naturally increases correlation again
the optimal delay spacing at any givéh, /N, and fixed filter because of better channel estimates. For small filter length
length. We fix the filter length to a nominal value 6f=5 like L = 5, the absolute change in correlation value upon
in our simulations, since having a small filter length reducéncreasing pilot power is greater at larger delays than at
the computational burden of receiver end processing; @ alsmall delays. This trend is also seen for higher order filters
reduces errors in estimation of the coefficients themselvésit reducing slowly with increasind.. These results and
Next we plot channel correlation w.rt. delay spacing fosbservations corroborate findings in [6], [9]. Depending on
different £,/N, values and find the delay spacing at whiclthe filter order and the amount of power of the pilot, the
maximum correlation occurs, as shown in Fig. 9(a). For smaliedictor can always be made to offer greater correlation.
prediction ranges, we could use a low sampling rate, sintbese system parameters influence the correlation for the
sufficient channel correlation exists over longer peridels. TASP system which increases or decreases at a fixed delay.
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for each transmit antenna (where each is transmitted round-
r robin), over the entire frame. As a rule of thumb, pilot syhsbo
are inserted everyl /(100 f;)s to ensure that the channel
09 changes negligibly over this period. As seen from Fig. 9a
Saos when the prediction distanceffr) is relatively small, for
5 example,fq7 = 0.1, this condition can be easily met, without
% ol significantly lowering the correlation coefficient or preidir
§ RE performance. Fig. 10 shows the comparison of correlation
% Ak coefficients for the delayed and predicted cases Wijth100.
S 05k B. Operating point of TASP and trade-off point with TASD
Depending on threshold output BERBE Ry for a given
044 configuration, and knowing the normalised delay that must
be tolerated, the graphs presented in the previous subsecti
0.3t ! : : : may be used to first determine the threshold correlation, and
0 0.1 0.2 0.3 0.4 0.5 . . L.
Normalised delay spacing f L, T from that, the required filter order anf, /Ny. This is worst-
(@ case design: when delay is less, BER will naturally improve.
It may happen that TASD performs well enough to achieve
the target BER at that delay, in which case prediction is
il | not necessary. Otherwise, TASP can be chosen to improve
performance. It is interesting to determine the point atclhi
0.995 TASP becomes advantageous over TASD, through setting
o 099r pp = pa (i.e when the correlation of both schemes are equal).
E o085 A few such intersecting points can be seen by following the
£ TASD curve in Fig. 10.
g 0% To explore further, Fig. 11 plots the equal-correlationnp®i
S 0975¢ for different delays against pilot SNR with varying filter
§ 0.97) order. Thus, knowing the feedback delay of a given system,
3 0965k it is possible to determine whether TASP of a given filter
order outperforms TASD. If one wants to improve system
0.96r performance beyond this point (i.e. in terms of increasing
0.955 _ correlation or BER) then TASP should be used. Thus it can be
095 | o ‘ [ ——30dB seen that even when TASD has a clear, but outdated, estimate
5 10 15 20 25 available, TASP can perform better by predicting into the
Predictor length L R .
b) future from noisy ghannel estimates. _
The setups of Fig. 12 further highlight design tradeoffs, fo
Fig. 9: (a) Influence of filter tap spacing anH,/N, at (3,1;2) and (2,1;4) arrangements respectively: they exhibit
normalised feedback delays 6f1,0.2 and 0.4 on power crossover points between the TASP and TASD curves for each

correlation with a five tap filter (b) Influence of predictor  arrangement. It is at these points that the performance tbf bo
length andE;, /No on power correlation at fixed delays of  TaAgp and TASD are equal. For example at a delay).oB
0.02 and0.1 and Ly = 100. andE, /Ny = 15 dB (top solid curves), the BER of TASP and
TASD equate. This can be seen in bdfh1;2) and(2,1;4),
. which provide BERs of x 107° and3 x 10~" respectively.
However for better prediction at greater delays, the blogkom Fig 11 we can see that both schemes offer a correlation
length may have to be increased, which may in turn account g 3imost0.9 at the given delay, and that TASP requires a
channel varlab|llty and estimation errors during demotioite tap filter, found from the intersection d@f,/N, = 15 dB and
at the receiver. fa7 = 0.08 which lies between thé = 4 and L = 5 curves.
3) Choice of block lengtliZ;): As noted above the choiceNote that, if better BER is required, further improvement is
of block length or pilot spacing will also be determined byossible with TASP through increasitigor £, /Ny. However
the capabilities of the noise smoother and interpolatiat thfrom Fig. 12, we note that at extremes of very smal.(2)
happen during channel estimation at the receiver. For RAyle and very large normalised delays (.4), the bundle of TASP
flat fading, we need to estimate a single tap for each gER curves approach asymptotes. This implies that in those

the (V; x N;) channels. In general, for a continuous flagxtreme regions, the effect of increases Ah/N, will be
fading channel, the estimation error will be contributed byhinimal.

the Doppler variance and noise [34]. For quasi-static oclblo

fading, if we neglect the noise introduced by Doppler vacgn VII. CONCLUSION

then the MSE or the variance of the estimated channel will This paper has explored the issue of transmit antenna
be Ny/(L: Es) where L, is the number of training symbols selection based on an index fed back from an MRC receiver.
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Fig. 10: Correlation coefficient comparison for TASD, and Fig. 12: Effect of increasingE, /Ny for TASP at a filter
TASP for E, /Ny of 15 dB and 25 dB with two different length of L = 5 on BER performance af = 10dB for
filter lengths of5 and 10. two different configurations. The solid black curves represent
TASP at differentE, /No = 15,20, 25,30 dB from top to
] — : 1 bottom, in two example systems.

o~ —E=21ap g5

H0.9
085  dictor length, pilot SNR and block length on long range pre-
o8 diction has been explored, and their influence on the channel
075 correlation coefficient noted (where pilot power can imgrov
predictor performance more than increasing the filter grder
The system has been shown capable of alleviating much
of the performance loss associated with outdated traremitt
05 selection knowledge, even for delays which would have ahuse
045  hon-predictive TAS to be ineffective. At any given delay, a
0.4 minimum threshold pilot SNR and filter order required for
1035  the predictive system to just overtake the non-predictasec
0.3 was presented graphically. The predictive approach isdoun
. . o 025 peneficial in combating diversity loss in systems, which ldou
%0 0025 005 0075 010125 015 0175 02 0225 0%?  otherwise substantially degrade for normalised delayatgre
Feedback delay f,r than0.02. For most configurations, it was shown that the use
Fig. 11: Equal correlation plot for TASD and TASP, where ~ Of only a5 tap filter, per transmit-receive path, was effective
at all pointsp, = pq with the correspondingz, /N, (for in sustaining BER out to abowt1 normalised delay.
TASP case) against feedback delay for various filter orders.
The points on the dashed line corresponds to the correlation APPENDIX
value at any feedback delay, read off from the RH axis. A. The coefficientsyw, (i, j) that appear in eqn. (26) were
obtained from the following expansion [35]:

o
3

=)
(2]
Correlation

The system has been shown to be sensitive to normalised LN

switching delay (thus reducing channel correlation), \whic = i 71( - . N g (A-1)
may arise from processing time in the reverse communicsition Z 21 = Z . (1) 2
path and mobility between the transmitter and the recelwer.
an effort to mitigate against the effects of normalised gelawith the coefficients:

a power predictor based on Wiener filtering of past outdated ) , .
CSl, is introduced at the receiver, to predict a best transmi N, (,0) = 1w, (i, 1) = i

Jj=0 J=0

antenna for future transmission slots. .. (4, i(Ny — 1)) = 1/((N, — 1)1)*
The effects and benefits of channel prediction on several Jo
important performance metrics were studied and closed form, (4,7) = (1/4) Z i+1) =)/, (4,5 —1)
expressions derived for each of them, all verified by simu- 1=1
lation. Prediction was found useful in maintaining trarismi Jo = min(j, N, —1),2 <j <i{(N, —1) -1

diversity and improving both BER and outage performance.
The inter-relation between systems parameters such as pre-



B. The Laguerre polynomial is given by [29]:
- n—+b\ zk
s =30 () 5 (-2
=0
where (}) is a binomial coefficient.
C.
/ 2"t e ] (2 8V7) d
0 (A-3)

2
— n!ﬁv e—§a(—n—v—1)Lv ﬁi
"\«

whereJ,(.) is the Bessel function of the first kind of order

D. The lower incomplete gamma function is given by:
u -1 ' v—1 1
‘,L,'ufl e HTdy = (U / ) 1767/1’11’2 (/J’LL) (A-4)
0 I I

=0

whenw is an integer.

(13]

(14]

(15]

(16]

(17]

(18]

[19]
(20]

[21]

E. If 251234 are complex normal random variables with22]
Zero mean, WitHE[wl-x;?] = Cj; then [36]:

(1]
(2]

(3]
(4]

(5]

(6]

(7]

(8]

(9]
[10]

[11]

(12]

]E[I1I2I3I4] = (12034 + C13C24 + C14C23 (A-5)
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