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Abstract

This report investigates the effect of feedback error on flbeformance of the joint adaptive
modulation and diversity combining (AMDC) scheme which wasviously studied with an assumption
of error-free feedback channels. We also propose to utddaptive diversity to compensate for the
performance degradation due to feedback error. We actymtentify the performance of the joint
AMDC scheme in the presence of feedback error, in terms ofitfeeage number of combined paths,
the average spectral efficiency, and the average bit ert@r $&lected numerical examples are presented
and discussed to illustrate the effectiveness of the pexgpésedback error compensation strategy with
adaptive combining. It is observed that the proposed cosgi@m strategy can offer considerable error
performance improvement with little loss in processing pownd spectral efficiency in comparison

with the no compensation case.
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. INTRODUCTION

Because of the growing demand for a higher spectral effigiaaavell as a good link reliability
in wireless communications, many new technologies haven lmeposed over the last few
decades. Among them, adaptive transmission aims to om@ithiz transmission rate according
to the fading channel variations. It has been shown that aiderable gain in throughput can be
achieved by using adaptive transmission while maintaiaicgrtain target error rate performance
and assuming an error-free feedback channel [1]-[4]. Ootter hand, diversity technique refers
to a method for improving the reliability of wireless fadiepannels by utilizing two or more
communication channels with different characteristicd as such, it plays an important role in
combatting fading and co-channel interference. Varioassital diversity combining techniques
can be found in [5]-[10].

Recently, as an attempt to obtain further improved speetifatiency under the same error
rate requirement, some joint adaptive modulation and dityeicombining (AMDC) schemes
were proposed and analyzed in [11]-[13]. Unlike [14], [15high are some earlier AMDC
works focusing on the channel capacity, [11]-[13] employesophisticated diversity combining
techniques such as generalized selection combining (GB&}HL9], minimum selection-GSC
(MS-GSC) [20]-[22], minimum estimation and combining-GEGEC-GSC) [23], and output
threshold-maximum ratio combining (OT-MRC) [24]. With teehemes in [11]—-[13], the receiver
jointly decides the proper modulation mode and diversitpbmer structure based on the channel
guality and the target error rate requirement. Differentdmof operations have been considered
based on the primary optimization criteria of the joint desiFor example, the power-efficient
AMDC scheme leads to a high processing power efficiency, dredWwidth-efficient AMDC
scheme leads to a high bandwidth efficiency, and the banbdwefficient and power-greedy
AMDC scheme leads to a high bandwidth efficiency as well agrgraved power efficiency at
the cost of a higher error rate in comparison with the bantwedficient AMDC scheme.

In most of the published papers dealing with adaptive mdotulait is generally assumed for

analytical tractability that the feedback channel is efree. However, there are a number of



real-life scenarios in which this ideal assumption is ndidyaspecially in the case that sufficient
and powerful error control method cannot be implemented the feedback channel. As such,
the study of the impact of imperfect feedback channels ig iraportant. For instance, in [25],
[26], the impact of imperfect feedback channels on the perémce was investigated and two
feedback-detection strategies have been proposed toateittge performance degradation and
to reduce the outage region due to feedback errors. In tlperpave take a different point of
view from that of [25], [26] and show that receiver diversggn be utilized to compensate for
feedback error with the adjustment of the combiner strectur

We first consider the effect of feedback error on the perfoiceaof the joint AMDC systems
and study the usage of adaptive combining at the receiveritigate this effect. We assume
that feedback error may induce that the adaptive modulatiode used for transmission may
be different from the one selected by the receiver after @adapgombining. To accommodate
for such scenarios, the transmitter needs to inform theivecevhich mode it will be using
before the actual data transmission. We propose to usestivg@ath adjustment at the receiver
to mitigate the error performance degradation or explowitiamhal power savings. Specifically,
the receiver may combine more diversity paths, if possifolesompensate for the bit error rate
(BER) degradation when the transmitter sends data with laehipmodulation mode than the one
selected by the receiver. On the other hand, the receiver usayless diversity paths to save
the receiver processing power when the transmitter sen@svdéh a lower modulation mode.
Hence, the number of combined paths can be adaptively cdathgeending on the nature of
feedback error. We investigate the impact of this compémsatethod by analyzing the average
number of combined paths, the average spectral efficiemay, tlze average BER of the joint
AMDC scheme proposed in [12] in the presence of feedback evithh and without adaptive
combining path adjustment. We show through selected nealeexamples that the proposed
compensation strategy can offer considerable error paence improvement with little loss in
processing power and spectral efficiency in comparison thighno compensation case.

The remainder of this paper is organized as follows. In $adii, we present the channel and



system model as well as the mode of operation of the joint AMd@lleme under consideration.
Section Il explains our proposed path adjustment schemé®feedback error compensation
and suggests a method to map the modulation mode into thbdeka@hannel symbols and how
to quantify feedback error over fading channels. In Sectibnwe analyze the performance of
the proposed system in terms of the average number of cothipaths, the average spectral
efficiency, and the average BER in the presence of feedback &ome selected numerical
examples and related discussions are presented in Sectibmally, Section VI provides some

concluding remarks.

[I. CHANNEL AND SYSTEM MODEL
A. Signal and Channel Model

Basically, we adopt the same signal and channel model as2in e assume that the joint
AMDC scheme is implemented in a discrete-time fashion. Mimecifically, short guard periods
are periodically inserted into the transmitted signal. iDgirthese guard periods, the receiver
performs a series of operations, including path estimat@amd combined signal-to-noise ratio
(SNR) comparisons with respect to the predetermined SN&siiwmid. After determining the most
appropriate diversity combiner structure and adaptive utadtbn mode to be used during the
subsequent data burst, the receiver sends back the adapithelation mode to the transmitter
via reverse link before the guard period ends. Because dfbtek channel imperfection, the
modulation mode used for transmission may be different ftbenone selected by the receiver.
We assume that the transmitter informs the receiver abauatitual transmitting mode before
transmission.

We assume both flat fading with multiple antennas and se&tiding with RAKE receiver.
With this assumption, different diversity paths correspom different resolvable paths. We also
adopt a block fading model where the fading coefficients aseiimed to be constant through the
data burst period. As such, all the diversity paths expedeaamost the same fading conditions

and maintain therefore the same SNR during the data burstitanuleceding guard period.



Moreover, the fading conditions are assumed to follow th@létgh model and to be independent
and identically distributed (i.i.d.) across the divergiigths and between different guard periods
and data bursts. Hence, if we lgf denote the instantaneous received SNR of ihepath,
1 =1,2,---, L, where L is the number of available diversity paths at the receiveentthe
faded SNR,v;, follows the same exponential distribution, with commormhability density

function (PDF) and cumulative distribution function (CDgiven as [8, Eq. (6.5)]

fo() = Lesp (—i) . o)
v Y
and
F’Yi (l') =1- €xXp (_i) ; X Z 07 (2)
5

respectively, where is the common average faded SNR.

In what follows, it is assumed that the forward and feedbdtinoels are independent so
that we can ignore the correlation between two channelss aksumption is realizable if we
consider frequency division duplex (FDD) where the frequyeseparation between uplink and

downlink channels is much greater than the channel cohéamwidth.

B. Joint Adaptive Modulation and Diversity Combining

We adopt the constant-power variable-rate uncotledry quadrature amplitude modulation
(M-QAM) schemé, where the modulation modé/, is restricted to a power of 2". Assume
that the SNR range is divided int¥ + 1 regions and each region is associated with a particular
QAM signal constellation. The region boundaries, denotgd/h, are set to the SNR required
to achieve the target BER, denoted by BERsing2”-QAM over an additive white Gaussian
noise (AWGN) channel. It has been shown that the instanten&&ER of2"-QAM with two-
dimentional Gray coding over an AWGN channel with SNR~ottan be well approximated

by [3, Eq. (28)]

1 3
BER,Z(’}/):SGXP <—2<Tf}/_1)), TZ:172’ 7N (3)

1Using the adaptively coded schemes in [2], [4], our resudis loe easily extended to coded systems
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Therefore, the boundary thresholds can be calculated mstexf a target BER, BER as

—2In(5BERy)(2" — 1), n=0,1,---,N;
Y1, = (4)
00, n=N-+1.

The receiver chooses the most suitable modulation madar, constellation size)/ = 2", based
solely on the fading channel conditions. This is done by #stmining the received SNR and
then finding a proper region in which its estimated SNR fdfishe estimated SNR is in the
nth region, the receiver informs via feedback path the cpoeding modulation mode to the
transmitter so that the constellation size28fis used during the subsequent data burst.

Now we consider the joint AMDC schemes proposed in [12]. Spady, we focus on the
bandwidth-efficient and power-greedy AMDC scheme [12, Sécsince it has been shown to
provide the better power efficiency than the bandwidth-efit AMDC scheme while maintain-
ing the same spectral efficiency as the bandwidth-efficiecD&E scheme. The basic principle
behind the bandwidth-efficient and power-greedy AMDC sohdamto combine the smallest
number of diversity paths such that the highest achievalddutation mode can be used while
satisfying the instantaneous BER requirement. More spadifi during the guard period, the
receiver estimates all diversity paths and ranks them yielding the ordered SNRg,> 2., >
-+ > 1., Where~y,; is the kth order statistics among ones (see [18] for terminology). By
using the MS-GSC scheme [20]-[22], the receiver first findshighest modulation mode that
can be used based on the current fading channel conditiare the modulation mode is selected,
then the receiver turns off as many of the weakest paths asip@such that the combined SNR
of the remaining paths is large enough for the selected matidal mode to be used. If, in the
worst case, the combined SNR of d@llavailable paths is still belowy,, the receiver may ask
the transmitter to either transmit using the lowest modaatmode in violation of the target
instantaneous BER requirement (option 1), or buffer tha dat wait until the next guard period
for more favorable channel conditions (option 2). The alive but equivalent flowchart for

the bandwidth-efficient and power-greedy AMDC scheme issthated in [11, Fig. 1].
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IIl. FEEDBACK ERROR AND ITS QUANTIFICATION

In this section, a detailed algorithm of the feedback ermmpensation for the bandwidth-
efficient and power-greedy AMDC scheme is proposed. Thenpresent as an example a
modulation symbol labeling scheme for the feedback chaammalshow how to quantify feedback
error over fading channels. Note that for the sake of clawiy confine our discussion to option
2 in this section. By using a similar method, one may devisayraternative labeling schemes

and quantify accordingly feedback error for both optionsndl .

A. Path Adjustment for Feedback Error Compensation

Assume that after performing a series of operations de=ttrib the previous section, the
receiver decides to use the modulation mgde < j < N) with [ (0 <! < L) strongest paths.
The receiver sends the index of this modulation mogdeo the transmitter via the feedback
channel but due to a possible feedback error the transmiigrend up using mode (0 < n <
N) instead ofj for transmission. We assume that the transmitter alwaysrims the receiver about
the actual transmitting modgi.e., the receiver has the knowledgerobefore the transmission
occurs. We propose to use path adjustment for the case dbdekderror. Ifj > n, forn > 0
the receiver reduces the combined paths by sequentiallgviegn the weakest paths until either
the combined SNR satisfies the new output thresheld, or the number of combined paths is
1. If j < n, then the receiver will combine all paths in order to maximally improve the system
performance since based on the mode of operation the AMDEnsehthe output SNR witlh
combined paths should still be between and~r,,, (i.e.,yr, < 'r.p < vr,,, Wherel'; is the
sum of the: largest SNRs among ones, i.e.l';,; = 22:1 Yk:;)- Finally, no path adjustment is
necessary ifi = n. Note that for option 2, no transmission occurs only when n = 0. The
path adjustment algorithm for the bandwidth-efficient amdver-greedy AMDC scheme with

option 2 in the presence of feedback error is depicted in Eig.

%In order to focus on the effect of feedback error, we assurae ttie actual mode information is protected by the strong

code.



Start
Optimum modulation mode =
Number of combined path =/
Output SNR y=T",,

Receiver sends modulation mode j via feedback channel

I

Transmitter uses mode n instead of j due to feedback errors

No
I=L
No
h 4
M Yes I=1-1
Y= L
@ o
No
I=1+1
Yy v v A 4 A 4 h 4

Stop Stop
=0,y= Y= F(:L

Fig. 1. Path adjustment algorithm for the bandwidth-effitiand power-greedy AMDC scheme with option 2.
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B. Quantification of Feedback Error

To evaluate the effect of the feedback error and the compiensstrategy introduced in the
previous subsection, we need to determine the probabildt the transmission modeis used
while mode; was selected by the receiver due to feedback error. We dédmege mode transition
probabilities byg, ; in the following. Note that these probabilities depend om duality of the
feedback channel and the signalling scheme used. In thik, w@ assume a phase shift keying
(PSK) based signalling scheme over the feedback channele Igleecifically, we uséV + 1
different PSK symbols to represent the tofaH 1 transmission modes. The receiver needs to
transmit only one symbol during the guard period to indidhte selected mode.

If we assume that each transmission mode is sequentiallypadaip each PSK symbol, then
the decision region of théth symbol representing théh transmission mode will be théh
wedge-shaped area in the PSK signal space. Therefore, tte tramsition probabilityg,, ;, is
equal to the average probability that the decision varidtitethe feedback channel detection
falls erroneously in theith wedge-shaped area instead of jiie wedge-shaped area. Since the
transition probability,g, ;, can be expressed as a function of the difference of modedag;

andn, which can be calculated in a circular fashion as
a =min{|n — j[, N +1 —|n — j|}, (5)

the instantaneous transition probability is equal to thrabpbility that the decision variable falls
in the wedge-shaped region between two different phaseesngl

(2a — 1)m and g, — (2a + 1)

g, — L@~ T \sa+ )m
! N +1 N+1 '’

when the symbol with phase zero was transmitted. It can bershioat this probability can be
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calculated as [27, Eq. (17)]

U(7; 01, 05) = Q(1/27, 510 61) — Q(1/275 sin ) (6)
L0 (—\/gsin 6, 0: (ﬂsin 0y — cos(By — 61)4/27, sin 91) sgn(y/2, sin 91)>

\/273 sin? @) — 4 cos(fy — 61)7, sin 0 sin O + 2, sin® 6,

\/273 sin? @) — 4 cos(fy — 01)7, sin 6, sin 0 + 2, sin® 6,
—A(—27,sin 6 sin hy),

L0 (ﬁsin@ 0 (\/2% sin @y — cos(fy — 02)+/27, sin 92) sSgN(v/2s sin 92)>
s 2, Yy

where~;, is the instantaneous symbol SNR of the feedback chatytelandQ(-, -; -) are the 1-D

L, z=>0; 0, x=>0;
andA(x) = {

—1,x <0, 1/2,x < 0.

Finally, noting that due to Rayleigh fading, the instantareSNR;y,, of the feedback channel

and 2-D Gaussiaf)-functions, respectively, sgn) = {

is a random variable, we can obtain the mode transition fmbba ¢, ;, by averaging over its

Y A (2a—-1)r (2a+ )7
qn,j _A v (7& N+ 1 ) N +1 ) f’ys('ys)d')/sv (7)

distribution as

wheref, () is the PDF of the faded SNR of the feedback channel, given)ibiwith average
7,. After substituting (1) and (6) with (5) into (7), the tratisn probability,q, ;, can be shown

to be a function of the average SNR,, of the feedback channel. One can easily relate this
average SNR with the average BER(d¥ + 1)-PSK over Rayleigh fading channels, denoted by
P,. For example, whetv = 3, we haveP, = % <1 — @) wherew = 7, /2 [10, Eq. (8.104)].

In Table I, the transition probability, ;, for this PSK-based sequential labeling scheme with
option 2 is calculated as a function of the average BER,and the required average symbol
SNR, 7, of the feedback channel whew = 3.

Note that with this sequential labeling scheme, the symdaottie highest transmission mode
is adjacent to the symbol for the lowest mode. One may thinktbér labeling schemes in
which no adjacent symbols for the highest and lowest modess. éx this case, because of the
lower chance of transition between the highest and the loweslulation indices, we can in

general expect a higher spectral efficiency with more coetbjpaths than the sequential labeling
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Py, WITH REQUIRED AVERAGESNRS, %, OF THE FEEDBACK CHANNEL WHENN = 3.

15

TRANSITION PROBABILITY, gn,j, WITH OPTION 2 OVER RAYLEIGH FADING CHANNELS FOR DIFFERENT AVERAGEBERS,

pP,=10"" P, =102 P,=10""

5. =551dB | 7, = 16.86 dB | 7, = 26.98 dB
[n—j]=0 0.8218206 0.9818155 0.9981819
n—j]=1,3| 0.0781789 0.0081057 0.0008180
In—j] =2 0.0218214 0.0018491 0.0001820

scheme in the high SNR region and a lower spectral efficienty Mss combined paths in the

low SNR region. This difference will be increasing as feexkarror increases.

V. PERFORMANCEANALYSIS IN THE PRESENCE OFFEEDBACK ERROR

In this section, we analyze the performance of the bandwefftbient and power-greedy
AMDC scheme with feedback error over Rayleigh fading chésrdore specifically, we obtain
its average number of combined paths, average spectralerffic and average BER. In the
following analysis, we assume that the mode transition g@bdity, ¢, ;, due to feedback error

is calculated for both options 1 and 2 from the analysis infghevious section.

A. Average Number of Combined Paths

The average number of combined path§,, of the bandwidth-efficient and power-greedy

AMDC scheme without feedback error compensation can bedforjl2, Eqg. (24)] as

L N

B S U PrTivr <z <Tin,Trip <97y, ] + LPr [T < ypy], for option 1

Nc — lil n;l (8)
S U PrTicn < v < Tin, o < m] s for option 2

N
Il
—
3
Il
—

With feedback error compensation, as mentioned in SectleA, lif j > n, the receiver will

reduce the combined paths while dllpaths are combined when< n. Let F;,, ; denote the
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probability that moden is used with/ combined paths while the true constellation sizej.is

Then, the average number of combined paths with feedbacok isrgiven for option 1 by

L N J
Nc Z ZZ nanj+Lq11 PI[FLL<7T1] (9)
=1 j=1n=1
NoL N Prr:<7j17 .j:l;
+LZ Z dns X [ L:L T+}
J=1 n=j+1 Pr [’)/Tj <I'pp < ’}/Tj+1:| , g>1

and for option 2 by

N

N. ZlZquPanjLLZ Z Gnj Pr[yr, <o < 1] - (10)

=1 j=1 n=1 7=0 n=75+1

Noting thatF,,, ; is only valid whenn < j, we can expres$,,, ; for each case as

(

Pr [Fl—lzL <1, <lip,yr, <Tpp < WTHJ , n#j<N;
Prli_vp <vn, < Tip,yry <Troal, n#j=N;
Pj= (11)
Pr[Ti_v. <vr, <Tip, Prp <1, n=j<N;
Prli1n <y <Tirl, n=j=N.
\

All the probabilities in (11) can be obtained by using theutessin [12]. For example,
Pr(Ti_1p <1, <Tupoyr < Trop <1y, (12)
=Pr [Tovn <1, <Tip, o <yrppy] = PrDicin < vp, < TenTro < 1] -

Let y; denote the sum of the— 1 largest ordered-path SNRs, i.¢;,= I';_1.;, andz; denote

the sum of thel, — [ smallest ordered-path SNRs, i.e.,=1';.;, — I';.;,. Then, we can have the
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general form of the probabilityPr [I';_1., < a < Ty, Tz < 3], in (12) fora < 3 as
Pril . <a<Tup,Trn<pf] (13)
=Priy <o <y +vL u+v+a<p
(¢
ST P (), La > p:
SR e (3, 2)dzdy I=1;
+ S T By (1, 2)dzdy, Lo < B,
Sy BT T P 7 2)dzdydy, la< (1= 1)5;
= VY S S [T fy i (9,7, 2)dddy L<l<L;

« - B—y—
‘l'f(l_1)5/z fa—yy 0 ! A/fyly'Yl:val(y777 z)dzdvdy, la > (l - 1)57

L-1)
s S5 Fyp i (0. 7)drdy, Lo < (L —1)B;

[u-Dp/ fy/@ 1)
(

L—1)a/L Fyrvpn (Y5 v)dydy

u + S Jaey forawa (W 7)dydy,  La > (L —1)B,

It has been shown that the joint PDF;, .., ., (v, 7, 2), in (13) over i.i.d. Rayleigh fading channels
is given in [12, Eq. (21)]. The other joint PDFg,, , ., (v,2) and f,, ., (y,7), in (13) can be
obtained as marginal PDFs of [12, Eq. (21)]. After successivbstitutions from (13) to (9) and
(10), we can obtain the average number of combined pathspf the bandwidth-efficient and

power-greedy AMDC scheme with feedback error compensation

B. Average Spectral Efficiency

In case of no feedback error, the average spectral efficienof the adaptive system can be

calculated as [3, Eq. (33)]

N
n=>_nm, (14)
n=1

3Note that Eq. (13) is the complement version of [12, Eq. (27)]
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where,, is the probability thatzth modulation mode is used which can be expressed for the

bandwidth-efficient and power-greedy AMDC scheme as [12]

p

FMSC(PYTN)(’YTnH) o FMSC(’YTN)(’YTn% n > 1;
for option 1

where FMSC€0y) (1) denotes the CDF of the combined SNR withbranch MS-GSC and using
v, @s an output threshold and which is given for i.i.d. Raylefgting channels in [22, Eq.
(20)]. With feedback error, we can obtain the average spkefficiency for both options as

TZ—Z Z nNdn,; Ty, (16)

7=0

for optlon 2
=1

for option 1

whereg, ; is the mode transition probability due to feedback error ants given above in (15).

C. Average Error Rate

The average BER for the adaptive modulation system can loelatdd as [3, Eq. (35)]
1 N
BER= - n-BER,, (17)

whereBER, is the average error rate when constellation size used for transmission. When
there is feedback error and the system does not adjust théeruofi combined pathBER,
can be calculated as
N
Gn o BER,(2) fy()dx + Y gny [+ BER, (2) f,(2)dx, for option 1
BER, = J= ’ (18)
Z n,j f7 i1 BER, (z) f, (z)dz, for option 2
where f,(-) is the PDF of the output SNR which has been obtained in [12(E3)].
If the system adjusts the combiner structure for the caseeedlfack error, the calculation
of BER, is more complicated since in this case the PDF of the outpuR $\varying with

combiner adjustment. Specifically, we consider the casg¢ af n andj > n separately. Let
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f; (z) denote the PDF of the output SNR after adjustmentjfer» case andff () for j > n

case. ThenBER, for option 2 can be written as

n-1 VT 41 Vi1
BER :qu-/ BER,(z dx+an]/ BER,(z)f. (z)dy. (19)
3=0 T

VTn

Noting that the receiver combines dll paths when the actual modeis greater than the
feedback modg, the PDF, f~(z), is simply the PDF of thel./L-GSC output SNR [10, Eq.
(9.433)]. On the other hand, when> n, the receiver will combine less paths as long as the
output SNR is greater thafy,,. Therefore, the PDF of the output SN} (), over the range
of [vr,,vr,.,) can be determined as

d
—< Pr [’yTn <I'ip < T, VT <I'pp < ’YTj+1} (20)

frw) ==

L
+ Z Pr[Divp < yr, <Tip < @,97, < T <y, )

By using the results in [12], we can calculate each term ir) €0

d
% Pr hT” <l <, Ty < Irp < 7Tj+1} (21)
(
Y - ]
fOTJH o f“/lel(*T z)dz n#j <N,
— f%:L( ) O’YTN_I f“/l:L,Zl (I, Z)dZ, n % .] = N7
fO'YTnJrl -z f71:L7zl (gj, Z)dz, n :j < N7
kf’Y1:L(x)> n :j = N’
d
— Pr [Fl—lzL <7, < FI:L < T, YTy < FL:L < VTjJrJ (22)

dx (
ST fa v =y, 2)dady U =) — U = thon)) . n# G <N
2 Fooen 02 = 9)dy Ul = r,) —U(x = T57m,))

= '%T” TN fynon (s =y, 2)dzdy Uz —yr,) —U(x — 591,)) . n# G =N;
o 5o (s @ =y, 2)dzdy Uz — 1) — U@ — 591,)),  n=j<N;

f’YTN fyl 'YlL(y7 y)dy (U(ZL' - ’}/TN) —U(ZL' - ﬁ’VTN)) ’ n=j= N,

\
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and

d
T Pr(Cp_1p <vp, <Tpp <z,9, <Tro <71, (23)

0, n# j;

VTn

i, Fonnn (W0 = y)dy U —z,) = Uz = F57m)) . =,

wherel{(-) is the unit step function. Finally, substituting (21), (22nd (23) into (20), then
(20) into (19), and finally (19) into (17) leads to the desimarage BER of the bandwidth-
efficient and power-greedy AMDC scheme for option 2 with tesck error over Rayleigh fading

channels. The average BER for option 1 can be similarly abthi

V. NUMERICAL EXAMPLES

In this section, we illustrate the analytical results dedivn the previous section with some
selected numerical examples. Note that although all nwaleavaluations obtained from the
analytical results derived in this paper have been also eoedpby Monte Carlo simulations of
the system under consideration in order to justify our apgpno for the better visual quality we
plot the simulation results only foP, = 10! in all figures.

Keep in mind that only when there exists feedback error, thmber of combined paths is
changed by the proposed path adjustment algorithm in om@ctommodate the erroneously
selected modulation mode, Hence, the average spectral efficiency is just dependefieaivack
error and is not affected by path adjustment. In Fig. 2, wesgae the average number of
combined paths of the bandwidth-efficient and power-gre&bN\DC scheme with option 2 for
different average BERY,,, of the feedback channel as a function of the average SNRatbr p
~, whenL = 5, N = 3, and BER = 1073. In this figure and what follows, we use the transition
probability, ¢, ;, in Table | obtained from the labeling scheme presented ati@elll-B. From
this figure, we can observe that if the average BER of the fagdibhannel is relatively small,
i.e., B, =102 and 1073, the average number of combined paths is almost the sameai th

the case of no feedback error, which means in this case felediveor does not significantly
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Fig. 2. Average number of combined paths of the bandwidfibiefit and power-greedy AMDC scheme with option 2 for
different average BERSY,, of the feedback channel as a function of the average SNRaterf whenL = 5, N = 3, and
BER, = 107°.

affect the performance measure. On the other hand, Wwhen10~!, we can see that the system
requires more paths over the low SNR region and less pathstigehigh SNR region. Note
that as the average BER of the feedback channel is increabimgossibility of path adjustment
is also increasing because of the high chance of havingreiftevalues between and j. In
this case, for the low SNR region, the receiver has to combines paths in order to satisfy

the actual boundary thresholgl, , which is possibly larger than the true threshojg,, while
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Fig. 3. Average spectral efficiency of the bandwidth-effitiand power-greedy AMDC scheme with option 2 for different
average BERSPD,, of the feedback channel as a function of the average SNRapleyy whenL = 5, N = 3, and BER = 103,

for the high SNR region, less paths are required to meetwhich is possibly smaller than
vr,- This observation can be verified and supported by Fig. 3 wkiows the average spectral
efficiency with the same parameters used in Fig. 2. Whileh it = 102 and 1073, giving
almost the same value as that in the case of no feedback #reogverage spectral efficiency
with P, = 107! is larger over the low SNR region and smaller over the high $&f®on than that
without feedback error. Note that if the larger modulatioada (V > 3) is used, the difference

in the average spectral efficiency between the cases ofdekdbror and no feedback error will
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Fig. 4. Average BER of the bandwidth-efficient and poweredse AMDC scheme with option 2 for different average BERSs,
Py, of the feedback channel as a function of the average SNRaibrf whenL = 5, N = 3, and BER = 10°.

be more distinct.

Finally, we examine the BER performance of the bandwidfltieht and power-greedy AMDC
scheme with option 2 in Fig. 4 under the same parameters us#tkiprevious figures. This
figure shows that feedback error considerably degrades Hie fgerformance especially for the
low SNR region. Now let us consider how path adjustment campsmsate the performance loss

due to feedback error. Fig. 4 shows that the gain obtained fsath adjustment over medium
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SNR range is the major benefit. For example, to meet a targe BE10~2, with the feedback
error P, = 1071, the scheme without path adjustment requires 7.9 dB whilesttheme with path
adjustment only needs 6.5 dB (i.e., path adjustment yieldsdB gains). When the feedback
error P, = 1072, about 1 dB SNR gain can be obtained from path adjustment Atge that
from Figs. 2 and 3, it is shown that in the middle range of SNR. (between 5 and 10 dB), the
bandwidth-efficient and power-greedy AMDC scheme with padiustment in the presence of
feedback error uses actually in average less combined pathsuffers a small loss in spectral

efficiency in comparison with the perfect feedback case.

VI. CONCLUSIONS

In this paper, we studied the joint AMDC scheme for high sga¢eind power efficient wireless
systems, taking into account imperfect feedback channetlitons. More specifically, it is
assumed that the modulation mode the transmitter receroes the receiver can be perturbed
by some feedback errors that can result in the usage of thegatransmission mode between
the transmitter and the receiver. In order to mitigate théopmance impediment, the receiver
adjusts its diversity combining structure according to nia¢ure of feedback error. Through the
analysis of this scheme, we have shown that our proposedagistment method can reduce
the probability of error degradation while maintaining abh the same processing power and
spectral efficiency in comparison with the scheme withott pajustment if the error probability

of the feedback channel is not very high.
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