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Abstract— Eigen-beamforming is capable of providing attractive per
formance gains in the context of Multiple-Input Multiple-O utput (MIMO)
systems, provided that accurate Channel State Information(CSl) is
available. However, when a realistic pilot-based channelnadictor is used
for acquiring the CSI, a significant performance degradatim may be
imposed by the phase-ambiguity inherent in the estimated gen-vectors.
In this contribution, both sophisticated Coded Modulation (CM) schemes
and differentially encoded CM schemes are employed for assting
the operation of the eigen-beamformer, when employing a mimum
mean square error based pilot-assisted channel predictont is shown
that differentially encoded CM schemes are capable of assisg the
eigen-beamformer in attaining a coding gain of about 6.5 dBswhen
communicating over correlated Rayleigh fading channels.

I. INTRODUCTION

Wireless systems employing multiple transmitters andivecg are
capable of providing high data rates by exploiting the higpazity
potential of Multiple-Input Multiple-Output (MIMO) chareis [1],
[2]. Within the broad family of MIMO systems, Space-Time Gugy
schemes [3], [4] are capable of attaining attractive spaligersity
gains without requiring any Channel State Information (C8t
the transmitter. By contrast, transmit beamforming [5], f€quires
accurate CSI at the transmitter for guaranteeing low-SN&atjon.

For the sake of efficiently exploiting the available radi@spum,
joint coding and modulation termed as Coded Modulation (@¥3¥

Against this background, the novel contribution of this gafs
that we demonstrate the benefits of intrinsically amalgarmgatilot-
based MMSE channel prediction with eigen-beamforming amd s
phisticated coded modulation schemes. We also quantifyEiyeV,
performance degradation imposed by the phase-ambiguigigei-
beamforming and demonstrate that differential-encodisgvall as
decoding removes the phase-ambiguity while remarkablylting
in a lower E}, /N, degradation than the presence of phase-ambiguity
does in coherently detected schemes. This remarkablevaliser is
the justification for the seemingly flawed system-desigmosiophy of
combining pilot-based channel estimation/predictiorhvdifferential
encoding/decoding, since the latter is typically used Far $ake of
completely dispensing with pilot-based channel estinmatio

The outline of the paper is as follows. Section Il provides th
overview of the system and Section Ill describes the MIMOneted
prediction scheme. Our conclusions are offered in Secton |

Il. SYSTEM OVERVIEW

Consider a system employing/r transmit and M receive
antennas for communicating over flat Rayleigh fading chemnrighe
Mpg-dimensional vector of received symbagtscan be expressed as

1)

wherex is the Mr-dimensional vector of transmitted symbols and

y = Hx+n,

proposed by Ungerbdck in 1982 [7] for non-dispersive Gimss H is an (Mgz x Mr)-dimensional complex-valued channel matrix,
channels. The benefit of TCM is that it is capable of achiewing which is given by

coding gain in comparison to uncoded transmissions by alpgn
the modulation phasor constellation, hence absorbing #nigybits
without bandwidth expansion. Ungerbdck’s contributiomtivated
intensive research on TCM, especially after the concepfoturbo

codes by Berrowet al. [8], leading to the concept of Turbo TCM

(TTCM), which was invented by Robertson and Worz [9]. Farth

advances were made in the context of specifically designed CMive a

schemes for wireless Rayleigh fading channels by Zehayi 80
well as by Caire, Taricco and Biglieri [11] in the context oft-B
Interleaved Coded Modulation (BICM). Li and Ritcey [12] the
proposed the concept of iteratively decoded BICM (BICMIBgnce,
in this treatise we will employ TCM, BICM, TTCM and BICMID
schemes for the sake of achieving a high bandwidth efficiam¢iie
context of an eigen-beamforming aided system.

The employment of a reliable channel predictor is impeeafiw
achieving low-SNR, high-throughput transmit beamformiogera-
tion. In this contribution, we will employ a low-complexitinimum

Mean Square Error (MMSE) based pilot-symbol aided MIMO ehan

nel predictor [13]-[15]. However, the CSI provided by a pica
channel predictor for the eigen-beamformer is prone to thase-
ambiguity inherent in the estimated eigen-vectors. In ordenitigate
the phase-ambiguity problem, differentially encoded niatilon [16]
will also be invoked.
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where h;; is the fading channel's coefficient between tiib re-
ndjth transmit antenna. Furthermore, in @)is the Mpg-
dimensional AWGN vector having a zero-mean and a variance of
E(nn'?) = 021ax,. The M, x M,-dimensional channel matrikl
may be decomposed with the aid of the Singular Value Decompos
tion (SVD) [17] as:

H = UDVY, (3)

whereD is an (M, x M:) non-negative diagonal matrix, whil&J
andV are (M, x M,) and (M, x M) unitary matrices, respectively.
Furthermore, the entries of the diagonal mailbare the eigenvalues
of the matrixH.

Figure 1 shows the simplified block diagram of the differen-
tially encoded CM assisted eigen-beamforming scheme. Aeseg

of information symbols{us}, where the subscript denotes the
time index, are first CM-encoded to generate the sequdngg,
before entering the differential encoder, where the setpi€ny }

is produced. At the transmit beamforming block of Figureuvi,

is multiplied by the beamforming weight vecter); in order to
producexy, wherev(,); is the first column vector of the unitary
matrix V' of (3) computed using the SVD. At the receiver, receive
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Fig. 1. The simplified block diagram of differentially-ertd CM assisted eigen beamforming system.

beamforming is carried out with the aid of the beamformingght a differentially encoded eigen-beamformer|,k$1)k|2. Hence, when
vector ofuﬁ)k, which is the conjugate transpose of the first columthe predicted MIMO channel is inaccurate, we have:
vector of the unitary matrixU in (3). Then differential decoding

Aol? = [afHew)® @)
is carried out, followed by CM decoding as seen in Figure 1. By mh = (LML
ignoring the time index, the signal input to the differential decoder = ‘(ﬁﬁ)@*jel)H(v(l)@i@)’Q ,
can be simplified as: - 2 (05—0
= ‘u(}{)Hv(l)’ . |6J( 2 1)|2 7
ro= uj Y _|&H gre |2
o = ‘u(l)HV(1)| , ©)

ulhyHvayv +uen

g where the phase-ambiguity inherent in the eigen-vectorsios
/\(1)’0 +n,

removed. Since we do not knakl in (8), we may obtain an estimate
of [A\(1y|? in (8) using (4) as follows:

(4)

where we haveu(l,Hv() = uf,UDV"vy, = A\, and it =
u(j),n. Note that,) is the first diagonal value of the matrI? in
(3), which is also the first and the largest eigenvalue of tlagrismn
H. Hence, the combined transmit and receive beamformingnsehe
has converted a MIMO channel into a Single-Input SinglepDut
(SISO) channel having a single channel coefficient given\py.
The variance of the Additive White Gaussian Noise (AWGN)s
the same as that of the original AWGIN which is given byNj.

Note however that, when the predicted charHeis insufficiently
accurate, the signal subspaces defined by the unitary estliand
V of H=UDV¥ are no longer unique [18]. More specifically, we
have [19]:

|5‘(1)|2 rrt

(/\(1)1] + ﬁ)()\(l)v + TUL)* s

2 ok * * v
= @] FA@ui" + At (10)

Note that we can also acquifé;y|* by substitutingH into (8).
However, we found that the estimated value in (10) is morerate.
The logarithmic-domain channel soft-metric can be congaiethe
soft demodulator within the CM decoder as:

/ N 2, .7/(m) 2
m Y — Akl
Pr(yilay, = «'™) | IR |
k|*No

, (11)

wherez’™) | for m € {0,1,..., M — 1}, is themth phasor in an

- N - . L M-ary PSK modulation constellation.
whereti(;y = [G(y)| andv(;y = [V(1)|. The phase-ambiguity values

incurred in the estimated eigen-vectorsigfy andv(,, wereé; and

02, respectively. Let us now demonstrate how this phase-aritbig . - . e
may be resolved with the aid of differential encoding [20]. o Thz block dlag_ram of_the channel pr_ed|ct|on alde_d d'ﬁe"*“Y‘ .
fco ed CM assisted eigen-beamforming scheme is showngin Fi

The differential encoder is shown between the CM encoder an <

the transmit beamformer in Figure 1. As seen in Figure 1, the o 2, where(.) denotes the predicted value 6f). Transmit and

differentially encoded symbol;, transmitted at time instant is receive bufer rs are used for buffering a CM-encoded_fran’rechws
obtained from: partitioned into shorter subframes and, number of pilot symbols

are attached to each subframe at its beginning as seen ineF2gu
(6) A shorter subframe length is expected to increase the aocwh

the channel predictor, but naturally, it also imposes a drighilot
wherez), is a CM encoded symbol ang,—; is the symbol trans- symbol overhead. During the transmission of the pilot syisionly
mitted at time instantk — 1) [17]. Let us employ PSK-based CM one transmit antenna is activated for the correspondindeyperiod,
schemes, where we have;|* = |vx|* = 1 and assume that the while the remaining transmit antennas are deactivated [13], as
channel coefficient\(;y in (4) is constant across during the timeseen in Figure 3.
instantsk and ¢ — 1). Upon introducing the time indek in (4), Let us denote the index of the subframe by the subsérpid the
with the aid of (6) we have: time index bym, for reasons of brevity in this section. For tfif
subframe transmitted at time instant (1 < m: < Mr), the signal

) = 0)e’”; vy = Ve’ ®)

I11. MIMO C HANNEL PREDICTION

!
Vg = TpVk-1 ,

/ _ *
Yk mrk,g, ) X Ym.. (I, m¢) received by then.-th (1 < m, < Mg) receiver antenna
= [Awrl vrve—1 + A)pVrTE_1 + is given by:
A* . *7 % % u*7 ,
, (Dk ;vlf 1nkl + NEMg_1 y77L7~(l7 mt) = hmet (l7 mt).pr + Nm,. (l7 mt) ) (12)
ye = Aokl TR+, (7)

wherep is the predictor ordethm,.m, (I, m:) represents the fading
where the superscript denotes the complex conjugate operatiorchannel coefficient between the.-th transmit antenna and the,.-
Hence, an additional differential encoding and decoding ipaan th receive antenna for thigh subframe at time instant., while x,,

eigen-beamforming scheme is another SISO channel havihgrmel
coefficient of [A\1)x|*> and an AWGN ofnj, = Aqyvkig_y +
(1)k—1Vk—174 + Tkfiy_. The variance of the AWGNM}, is given

represents the pilot symbol, which is assumed to be the sarred!f
transmit antennas and for all subframes. Furthermarg, (I, m:)
is the AWGN contribution at then.th receiver antenna for thith

by 2|)\(1)k|2N0. Note in (7) that the equivalent channel coefficient ofubframe at time instant:.
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Fig. 2. The block diagram of the channel prediction aidededihtial CM assisted eigen-beamforming system.
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Fig. 3. The MIMO transmission format, where the notatidhsD and0 denote the pilot symbol, data symbol and zero-energy synmbspectively.

With the aid of theM,-by-M; pilot symbol matrix seen in Figure 3, otherwise. The predictor order is fixedzic= 10. Coherently detected
the (M, x M;)-dimensional MIMO channel prediction problem isCM or Differential-encoded CM (D-CM) schemes will be empdy
decomposed into a SISO channel prediction scenario, wheye &he number of transmit antennas is fixedMf = 2 and the number
classic SISO channel prediction algorithm can be appligdctly. of receive antennas is fixed tf, = 2. The block diagram of a
In this contribution, MMSE based narrowband channel ptesiicis coherently detected CM assisted eigen-beamforming sygtetne
invoked [16]. Specifically, we construct the followingdimensional same as that seen in Figure 1, albeit without the differeatiaoder
vector: and decoder blocks. The pilot overhead is givenMy/(M; + L),

which is 1.96%, when usingM; = 2 and L, = 100.
Yo, () = [, (L= p+ 1,ma) = ym, (L)) 13) For the sake of a fairgf:\gmparison, both of the CM schemes
If we assign the value of “+1” to each pilot symbol, then thamhel employed were configured to have a similar decoding comylexi
coefficient corresponding to the.-th pilot symbol of the {+ 1)-th  quantified in terms of the total number of trellis decodirgfes. More
subframe is given by the corresponding received pilot symho (I+ gquantitatively, for the non-iterative TCM or BICM code of mery
1,m¢) = hm,. (I +1,my) - (+1) in the absence of noise. Hence, the’s the corresponding complexity is proportional to the numobg
predicted channel coefficient corresponding tostheth pilot symbol ~ decoding statess = 2”. Since TTCM schemes invoke two TCM
for the (+ 1)-th subframe, namely,,. (I+ 1, m.), can be estimated component codes, a TTCM code employinigerations and using an

based on the received pilot symbol vector of kb subframe as [15]: S-state component code exhibits a complexity proportional.t.S
or t.2"*! states. As for BICMID schemes, only one decoder is used,

I, (L +1,me) = doym, (I, mu) , (14)  but the demodulator is invoked in each decoding iteratiooweter,
the complexity of the demodulator is assumed to be insigmnific
compared to that of the trellis decoder. Hence, a BICMID cene
do = R;jlr(l,mt)r)’7n7~(l¢””t)ymT(l+1,7nt) ) (15) ploying t iterations and using af-state code exhibits a complexity
whereRy, (.m,) is the (p x p)-dimensional autocorrelation matrix ]E)roportlonal tot.S or ¢.2". For these rgasons, we opted f9r= 64
of yum, (L, ), which is given by [15]: or the TCM and BICM schemes whil® = 8 andt¢ = 4 for the
TTCM scheme, as well a8 = 8 and¢ = 8 for the BICMID scheme.
Ry, (me) = E[ymr(l,mt)yﬁr(l,mt)] . (16) The code polynomials used for the CM schemes can be found on
Furthermore, r LYy (141 is the p-dimensional cross- pages 775, 792 and 793 in [16]. . . .
correlation véc{cy)?‘r(e:&trﬁgé (ft;r ””('Z) ) andym, (L4-1. my ), which Figure 4 shows the Bit Error Ratio (BER) versus Signal-tdsio
is given by [15]: mr it mr ’ ’ Ratio (SNR) per bit, n_amelﬁb/No, p(?rformance of the 4PSK and_
' CM-8PSK assisted eigen-beamforming schemes, when employi
Ty Gmi)ym, (41,me) = ElYm, (,me)ym, (1 +1,ms)] . (17)  either perfect or predicted CSI without differential enicad Hence,
. . o . as we can see from Figure 4, the performance of the coherently
Finally, the predicted channel coefficients correspondmghe data detected scheme suffers from a significant degradationn wieCSI

wheredy is formulated as [15]:

symbol can be obtained with the aid of linear interpolatiat][ is imperfect. For example, at BERS® an approximately 8.5 dB and
6.2 dB performance loss incurred, when employing the ptedi€SI
IV. SIMULATION RESULTS compared to the scheme benefiting from perfect CSI for thek4PS

Let us consider transmissions over correlated Rayleiglindad and TTCM-8PSK assisted schemes, respectively. This is alubet
channels having a normalised Doppler frequencyl6f® and a phase-ambiguity problem discussed in Section II. Furtieemthe
subframe length ofL; = 100 CM-encoded symbols as well as aTCM-8PSK assisted scheme was unable to outperform the edcod
frame length of Ly = 1000 CM-encoded symbols, unless statedPSK assisted scheme, when the CSI was imperfect, althdugyh t



1 g to outperform the uncoded 4PSK scheme, as evidenced ineFfgyur
€ — Predicted CS| | & 4PSK when the CS| was imperfect. These findings underline the itapoe
107 < Perfectcst || g i%"g,ﬁg?gK of using error correction schemes in practical eigen-beamihg
NS ¢ BICM-8PSK schemes. More specifically, observe in Figures 4 and 5 tha at
10 O BICMID-8PSK BER of 10~°, the D-BICMID-8PSK scheme attained a coding gain
1 of about 6.5 dB and 9.5 dB over the 4PSK and D-4PSK schemes,
s respectively, when using predicted CSI. Note that the CMesws
510 employed were suboptimum, since they were originally desigfor
m ‘ coherently detected non-differential modulation, noekdss, their
10" concatenation with differential coding yielded attraetpperformance
&, e gains in the context of realistically predicted CSI. Henmay; future
10° @ﬁ N3 eV < work will consider the design of differentially encoded mation
i '\\‘“‘*'m’,\ 3 il based CM schemes for the sake of achieving a higher codimg gai
10° S LA XY P
0 2 4 6 8 10 12 14 16 18 20 1 ~
Ey/Ng [dB] — ‘ — D-CM &3 4PSK
Fig. 4. BER versugt, /No performance of the 4PSKL( = Ls = 100) CM 0 TCM-8PSK
and CM-8PSK [y = 1000,Ls = 100) beamforming schemes, when 10 A TTCM-8PSK
communicating over correlated Rayleigh fading channelsnigaa normalised { BICM-8PSK
Doppler frequency ofl0—3. The pilot overhead is 1.96%. 102 O BICMID-8PSK

have the same effective throughput of 2 bit/symbol. Intémngky, in T
the context of the eigen-beamforming system, the BICMI[ZRP 0:10
assisted scheme outperformed the other three CM- 8PSKtabsidn

schemes, although when communicating over SISO Rayledihda 10+ 2
channels without beamforming, BICMID-8PSK is outperfodmgy — 'm‘ ';l.,.l(mlx
the TTCM-8PSK scheme [16]. AR i

10° SNCA
i \\\ ‘; ﬂ"‘%"“\ LH\{E” e
—— Predicted CSI D-4PSK 10-60 2 4 6 8 10 ¥ 1‘2‘R14 A 16 21/5 20
Perfect CSI D-TCM-8PSK E/Ng [dB] —
10 D-TTCM-8PSK po

Fig. 6. BER versust, /Ny performance of the 4PSKL( = Ls = 100)
and CM-8PSK [y = 1000, Ls = 100) beamforming schemes with and
without differential coding, when communicating over edated Rayleigh
fading channels having a normalised Doppler frequencyoof® with the aid
of an MMSE channel predictor. The pilot overhead is 1.96%.

Let us now study the effect of different channel fading ratethe
context of Figures 7 and 8, where the normalised Doppleugagies
of the channels werd0—3 and 10~*, respectively. As seen from
Figures 7 and 8, when the normalised Doppler frequency of the
channel was reduced by a factor of 10, it becomes possibfetedse
the subframe/frame length by a factor of 10, while maintajna
similar performance.

D-BICM-8PSK
D-BICMID-8PSK

o> O

0 2 4 6 8 10 12 14 16 18 20
Ey/No [dB] — . S

Fig. 5. BER versudy, /Ny performance of the D-4PSKL(; = Ls = 100) ~ = -

and D-CM-8PSK [y = 1000,Ls = 100) beamforming schemes, when gﬁ B_i?iﬁ_;},é&qtzslégg L.=100
communicating over correlated Rayleigh fading channelénigaa normalised - * s
Doppler frequency ofl0—3. The pilot overhead is 1.96%.

Figure 5 shows the performance of the D-4PSK and D-CM- LS Perfect CIR
8PSK assisted eigen-beamforming schemes, when emploitimey e ' A EXRXS — Predicted CIR
perfect or predicted CSI. As we can see from Figure 5, ARgNo A

0:10 A \& B¢
performance loss due to employing imperfect CSl is only &2odB v
at BER=10"° for all CM schemes. This is because the dlfferentlaP & A
codin _4 '_\ 3 Q}\(\A

g is effective in circumventing the phase-ambiguitphpem. 10 \

However, the employment of differential coding comes atgbpalty £
of increasing the noise variance fraNy to 2|\ (;),|* No, as discussed 145 A A W
in Section Il. As a result, when the CSlI is perfect, the penfamce P LB—
of the D-CM-8PSK schemes characterised in Figure 4 is abalR 3 10° M ‘
inferior to that of the CM-8PSK schemes featuring in Figuréibw- 0 2 4 6 EB/N 188 12 14 16 18 20
ever, as we can see from Figure 6, when the CSl is imperfezDth o/No [dB] —

Fig. 7. BER versuss, /No performance of the D-4PSK and D-TTCM-4PSK

CM-8PSK scheme performs better than the CM-8PSK arrangemelgleamforming schemes, when communicating over correlatadeRyh fading

despite having a higher noise variance. For example at BERS  channels having a normalised Doppler frequencyf3. The pilot overhead
the D-BICMID-8PSK and D-TCM-8PSK schemes perform aboug 1.96%.

1 dB and 3 dB better than their coherently detected nonéifiial Next, let us study the effect of varying the subframe lendtla a
counterparts. Furthermore, the uncoded D-4PSK scheme madseu given total frame length of.; = 10’000 symbols for the D-CM-

B
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20, respectively.

4PSK assisted eigen-beamformer in Figure 9. As we can see fr
Figure 9, when the subframe length is reduced the accuracleof
channel predictor improves, which resulted in a bettergrarance
at the cost of a higher pilot symbol overhead. As an exampleret
are Ly /Ly = 500 subframes of lengtiL, = 20 data symbols in the

BER versusE}/Np performance of the D-4PSK and D-TTCM-
4PSK Beamforming schemes, when communicating over cteteRayleigh
fading channels having a normalised Doppler frequencyf3. The pilot
overheads are 1.0%, 1.96% and 9.1% when employipg= 200, 100 and

(1]

(2]
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