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Abstract

This report investigates the effect of feedback error on theperformance of the joint adaptive

modulation and diversity combining (AMDC) scheme which waspreviously studied with an assumption

of error-free feedback channels. We also propose to utilizeadaptive diversity to compensate for the

performance degradation due to feedback error. We accurately quantify the performance of the joint

AMDC scheme in the presence of feedback error, in terms of theaverage number of combined paths,

the average spectral efficiency, and the average bit error rate. Selected numerical examples are presented

and discussed to illustrate the effectiveness of the proposed feedback error compensation strategy with

adaptive combining. It is observed that the proposed compensation strategy can offer considerable error

performance improvement with little loss in processing power and spectral efficiency in comparison

with the no compensation case.
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I. INTRODUCTION

Because of the growing demand for a higher spectral efficiency as well as a good link reliability

in wireless communications, many new technologies have been proposed over the last few

decades. Among them, adaptive transmission aims to optimize the transmission rate according

to the fading channel variations. It has been shown that a considerable gain in throughput can be

achieved by using adaptive transmission while maintaininga certain target error rate performance

and assuming an error-free feedback channel [1]–[4]. On theother hand, diversity technique refers

to a method for improving the reliability of wireless fadingchannels by utilizing two or more

communication channels with different characteristics and as such, it plays an important role in

combatting fading and co-channel interference. Various classical diversity combining techniques

can be found in [5]–[10].

Recently, as an attempt to obtain further improved spectralefficiency under the same error

rate requirement, some joint adaptive modulation and diversity combining (AMDC) schemes

were proposed and analyzed in [11]–[13]. Unlike [14], [15] which are some earlier AMDC

works focusing on the channel capacity, [11]–[13] employ more sophisticated diversity combining

techniques such as generalized selection combining (GSC) [16]–[19], minimum selection-GSC

(MS-GSC) [20]–[22], minimum estimation and combining-GSC(MEC-GSC) [23], and output

threshold-maximum ratio combining (OT-MRC) [24]. With theschemes in [11]–[13], the receiver

jointly decides the proper modulation mode and diversity combiner structure based on the channel

quality and the target error rate requirement. Different mode of operations have been considered

based on the primary optimization criteria of the joint design. For example, the power-efficient

AMDC scheme leads to a high processing power efficiency, the bandwidth-efficient AMDC

scheme leads to a high bandwidth efficiency, and the bandwidth-efficient and power-greedy

AMDC scheme leads to a high bandwidth efficiency as well as an improved power efficiency at

the cost of a higher error rate in comparison with the bandwidth-efficient AMDC scheme.

In most of the published papers dealing with adaptive modulation, it is generally assumed for

analytical tractability that the feedback channel is error-free. However, there are a number of
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real-life scenarios in which this ideal assumption is not valid, especially in the case that sufficient

and powerful error control method cannot be implemented over the feedback channel. As such,

the study of the impact of imperfect feedback channels is very important. For instance, in [25],

[26], the impact of imperfect feedback channels on the performance was investigated and two

feedback-detection strategies have been proposed to mitigate the performance degradation and

to reduce the outage region due to feedback errors. In this paper, we take a different point of

view from that of [25], [26] and show that receiver diversitycan be utilized to compensate for

feedback error with the adjustment of the combiner structure.

We first consider the effect of feedback error on the performance of the joint AMDC systems

and study the usage of adaptive combining at the receiver to mitigate this effect. We assume

that feedback error may induce that the adaptive modulationmode used for transmission may

be different from the one selected by the receiver after adaptive combining. To accommodate

for such scenarios, the transmitter needs to inform the receiver which mode it will be using

before the actual data transmission. We propose to use diversity path adjustment at the receiver

to mitigate the error performance degradation or explore additional power savings. Specifically,

the receiver may combine more diversity paths, if possible,to compensate for the bit error rate

(BER) degradation when the transmitter sends data with a higher modulation mode than the one

selected by the receiver. On the other hand, the receiver mayuse less diversity paths to save

the receiver processing power when the transmitter sends data with a lower modulation mode.

Hence, the number of combined paths can be adaptively changed depending on the nature of

feedback error. We investigate the impact of this compensation method by analyzing the average

number of combined paths, the average spectral efficiency, and the average BER of the joint

AMDC scheme proposed in [12] in the presence of feedback error with and without adaptive

combining path adjustment. We show through selected numerical examples that the proposed

compensation strategy can offer considerable error performance improvement with little loss in

processing power and spectral efficiency in comparison withthe no compensation case.

The remainder of this paper is organized as follows. In Section II, we present the channel and
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system model as well as the mode of operation of the joint AMDCscheme under consideration.

Section III explains our proposed path adjustment scheme for the feedback error compensation

and suggests a method to map the modulation mode into the feedback channel symbols and how

to quantify feedback error over fading channels. In SectionIV, we analyze the performance of

the proposed system in terms of the average number of combined paths, the average spectral

efficiency, and the average BER in the presence of feedback error. Some selected numerical

examples and related discussions are presented in Section V. Finally, Section VI provides some

concluding remarks.

II. CHANNEL AND SYSTEM MODEL

A. Signal and Channel Model

Basically, we adopt the same signal and channel model as in [12]. We assume that the joint

AMDC scheme is implemented in a discrete-time fashion. Morespecifically, short guard periods

are periodically inserted into the transmitted signal. During these guard periods, the receiver

performs a series of operations, including path estimations and combined signal-to-noise ratio

(SNR) comparisons with respect to the predetermined SNR threshold. After determining the most

appropriate diversity combiner structure and adaptive modulation mode to be used during the

subsequent data burst, the receiver sends back the adaptivemodulation mode to the transmitter

via reverse link before the guard period ends. Because of feedback channel imperfection, the

modulation mode used for transmission may be different fromthe one selected by the receiver.

We assume that the transmitter informs the receiver about the actual transmitting mode before

transmission.

We assume both flat fading with multiple antennas and selective fading with RAKE receiver.

With this assumption, different diversity paths correspond to different resolvable paths. We also

adopt a block fading model where the fading coefficients are assumed to be constant through the

data burst period. As such, all the diversity paths experience almost the same fading conditions

and maintain therefore the same SNR during the data burst andits preceding guard period.
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Moreover, the fading conditions are assumed to follow the Rayleigh model and to be independent

and identically distributed (i.i.d.) across the diversitypaths and between different guard periods

and data bursts. Hence, if we letγi denote the instantaneous received SNR of theith path,

i = 1, 2, · · · , L, whereL is the number of available diversity paths at the receiver, then the

faded SNR,γi, follows the same exponential distribution, with common probability density

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

fγi
(x) =

1

γ
exp

(

−x

γ

)

, x ≥ 0 (1)

and

Fγi
(x) = 1 − exp

(

−x

γ

)

, x ≥ 0, (2)

respectively, whereγ is the common average faded SNR.

In what follows, it is assumed that the forward and feedback channels are independent so

that we can ignore the correlation between two channels. This assumption is realizable if we

consider frequency division duplex (FDD) where the frequency separation between uplink and

downlink channels is much greater than the channel coherentbandwidth.

B. Joint Adaptive Modulation and Diversity Combining

We adopt the constant-power variable-rate uncodedM-ary quadrature amplitude modulation

(M-QAM) scheme1, where the modulation mode,M , is restricted to a power of 2,2n. Assume

that the SNR range is divided intoN +1 regions and each region is associated with a particular

QAM signal constellation. The region boundaries, denoted by γTn
, are set to the SNR required

to achieve the target BER, denoted by BER0, using2n-QAM over an additive white Gaussian

noise (AWGN) channel. It has been shown that the instantaneous BER of2n-QAM with two-

dimentional Gray coding over an AWGN channel with SNR ofγ can be well approximated

by [3, Eq. (28)]

BERn(γ) =
1

5
exp

(

− 3γ

2(2n − 1)

)

, n = 1, 2, · · · , N. (3)

1Using the adaptively coded schemes in [2], [4], our results can be easily extended to coded systems
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Therefore, the boundary thresholds can be calculated in terms of a target BER, BER0, as

γTn
=















−2
3
ln(5BER0)(2

n − 1), n = 0, 1, · · · , N ;

∞, n = N + 1.

(4)

The receiver chooses the most suitable modulation mode,n, or constellation size,M = 2n, based

solely on the fading channel conditions. This is done by firstexamining the received SNR and

then finding a proper region in which its estimated SNR falls.If the estimated SNR is in the

nth region, the receiver informs via feedback path the corresponding modulation mode to the

transmitter so that the constellation size of2n is used during the subsequent data burst.

Now we consider the joint AMDC schemes proposed in [12]. Specifically, we focus on the

bandwidth-efficient and power-greedy AMDC scheme [12, Sec.V] since it has been shown to

provide the better power efficiency than the bandwidth-efficient AMDC scheme while maintain-

ing the same spectral efficiency as the bandwidth-efficient AMDC scheme. The basic principle

behind the bandwidth-efficient and power-greedy AMDC scheme is to combine the smallest

number of diversity paths such that the highest achievable modulation mode can be used while

satisfying the instantaneous BER requirement. More specifically, during the guard period, the

receiver estimates allL diversity paths and ranks them yielding the ordered SNRs,γ1:L > γ2:L >

· · · > γL:L, whereγk:j is the kth order statistics amongj ones (see [18] for terminology). By

using the MS-GSC scheme [20]–[22], the receiver first finds the highest modulation mode that

can be used based on the current fading channel condition. Once the modulation mode is selected,

then the receiver turns off as many of the weakest paths as possible such that the combined SNR

of the remaining paths is large enough for the selected modulation mode to be used. If, in the

worst case, the combined SNR of allL available paths is still belowγT1
, the receiver may ask

the transmitter to either transmit using the lowest modulation mode in violation of the target

instantaneous BER requirement (option 1), or buffer the data and wait until the next guard period

for more favorable channel conditions (option 2). The alternative but equivalent flowchart for

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

In this section, a detailed algorithm of the feedback error compensation for the bandwidth-

efficient and power-greedy AMDC scheme is proposed. Then, wepresent as an example a

modulation symbol labeling scheme for the feedback channeland show how to quantify feedback

error over fading channels. Note that for the sake of clarity, we confine our discussion to option

2 in this section. By using a similar method, one may devise many alternative labeling schemes

and quantify accordingly feedback error for both options 1 and 2.

A. Path Adjustment for Feedback Error Compensation

Assume that after performing a series of operations described in the previous section, the

receiver decides to use the modulation modej (0 ≤ j ≤ N) with l (0 ≤ l ≤ L) strongest paths.

The receiver sends the index of this modulation mode,j, to the transmitter via the feedback

channel but due to a possible feedback error the transmittermay end up using moden (0 ≤ n ≤

N) instead ofj for transmission. We assume that the transmitter always informs the receiver about

the actual transmitting mode2, i.e., the receiver has the knowledge ofn before the transmission

occurs. We propose to use path adjustment for the case of feedback error. Ifj > n, for n > 0

the receiver reduces the combined paths by sequentially removing the weakest paths until either

the combined SNR satisfies the new output threshold,γTn
, or the number of combined paths is

1. If j < n, then the receiver will combine allL paths in order to maximally improve the system

performance since based on the mode of operation the AMDC scheme, the output SNR withL

combined paths should still be betweenγTj
andγTj+1

(i.e., γTj
≤ ΓL:L ≤ γTj+1

whereΓi:j is the

sum of thei largest SNRs amongj ones, i.e.,Γi:j =
∑i

k=1 γk:j). Finally, no path adjustment is

necessary ifj = n. Note that for option 2, no transmission occurs only whenj ≥ n = 0. The

path adjustment algorithm for the bandwidth-efficient and power-greedy AMDC scheme with

option 2 in the presence of feedback error is depicted in Fig.1.

2In order to focus on the effect of feedback error, we assume that the actual mode information is protected by the strong

code.
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Fig. 1. Path adjustment algorithm for the bandwidth-efficient and 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 compensation strategy introduced in the

previous subsection, we need to determine the probability that the transmission moden is used

while modej was selected by the receiver due to feedback error. We denotethese mode transition

probabilities byqn,j in the following. Note that these probabilities depend on the quality of the

feedback channel and the signalling scheme used. In this work, we assume a phase shift keying

(PSK) based signalling scheme over the feedback channel. More specifically, we useN + 1

different PSK symbols to represent the totalN + 1 transmission modes. The receiver needs to

transmit only one symbol during the guard period to indicatethe selected mode.

If we assume that each transmission mode is sequentially mapped to each PSK symbol, then

the decision region of theith symbol representing theith transmission mode will be theith

wedge-shaped area in the PSK signal space. Therefore, the mode transition probability,qn,j, is

equal to the average probability that the decision variablefor the feedback channel detection

falls erroneously in thenth wedge-shaped area instead of thejth wedge-shaped area. Since the

transition probability,qn,j, can be expressed as a function of the difference of mode indices,j

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 the probability that the decision variable falls

in the wedge-shaped region between two different phase angles,

θ1 =
(2a − 1)π

N + 1
andθ2 =

(2a + 1)π

N + 1
,

when the symbol with phase zero was transmitted. It can be shown that this probability can be



14

calculated as [27, Eq. (17)]

Ψ(γs; θ1, θ2) = Q(
√

2γs sin θ1) − Q(
√

2γs sin θ2) (6)

+Q

(

−
√

2γs sin θ1, 0;

(√
2γs sin θ2 − cos(θ2 − θ1)

√
2γs sin θ1

)

sgn(
√

2γs sin θ1)
√

2γs sin2 θ1 − 4 cos(θ2 − θ1)γs sin θ1 sin θ2 + 2γs sin2 θ1

)

+Q

(

√

2γs sin θ2, 0;

(√
2γs sin θ1 − cos(θ2 − θ2)

√
2γs sin θ2

)

sgn(
√

2γs sin θ2)
√

2γs sin2 θ1 − 4 cos(θ2 − θ1)γs sin θ1 sin θ2 + 2γs sin2 θ1

)

−Λ(−2γs sin θ1 sin θ2),

whereγs is the instantaneous symbol SNR of the feedback channel,Q(·) andQ(·, ·; ·) are the 1-D

and 2-D GaussianQ-functions, respectively, sgn(x) =

{

1, x ≥ 0;

−1, x < 0,
andΛ(x) =

{

0, x ≥ 0;

1/2, x < 0.

Finally, noting that due to Rayleigh fading, the instantaneous SNR,γs, of the feedback channel

is a random variable, we can obtain the mode transition probability, qn,j, by averaging over its

distribution as

qn,j =

∫

∞

0

Ψ

(

γs;
(2a − 1)π

N + 1
,
(2a + 1)π

N + 1

)

fγs
(γs)dγs, (7)

wherefγs
(·) is the PDF of the faded SNR of the feedback channel, given in (1) but with average

γs. After substituting (1) and (6) with (5) into (7), the transition probability,qn,j , can be shown

to be a function of the average SNR,γs, of the feedback channel. One can easily relate this

average SNR with the average BER of(N +1)-PSK over Rayleigh fading channels, denoted by

Pb. For example, whenN = 3, we havePb = 1
2

(

1 −
√

γ
1+γ

)

whereγ = γs/2 [10, Eq. (8.104)].

In Table I, the transition probability,qn,j, for this PSK-based sequential labeling scheme with

option 2 is calculated as a function of the average BER,Pb, and the required average symbol

SNR, γs, of the feedback channel whenN = 3.

Note that with this sequential labeling scheme, the symbol for the highest transmission mode

is adjacent to the symbol for the lowest mode. One may think ofother labeling schemes in

which no adjacent symbols for the highest and lowest modes exist. In this case, because of the

lower chance of transition between the highest and the lowest modulation indices, we can in

general expect a higher spectral efficiency with more combined paths than the sequential labeling
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TABLE I

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

Pb, WITH REQUIRED AVERAGESNRS, γs, OF THE FEEDBACK CHANNEL WHENN = 3.

Pb = 10
−1 Pb = 10

−2 Pb = 10
−3

γs = 5.51 dB γs = 16.86 dB γs = 26.98 dB

|n − j| = 0 0.8218206 0.9818155 0.9981819

|n − j| = 1, 3 0.0781789 0.0081057 0.0008180

|n − j| = 2 0.0218214 0.0018491 0.0001820

scheme in the high SNR region and a lower spectral efficiency with less combined paths in the

low SNR region. This difference will be increasing as feedback error increases.

IV. PERFORMANCE ANALYSIS IN THE PRESENCE OFFEEDBACK ERROR

In this section, we analyze the performance of the bandwidth-efficient and power-greedy

AMDC scheme with feedback error over Rayleigh fading channels. More specifically, we obtain

its average number of combined paths, average spectral efficiency, and average BER. In the

following analysis, we assume that the mode transition probability, qn,j, due to feedback error

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

A. Average Number of Combined Paths

The average number of combined paths,N c, of the bandwidth-efficient and power-greedy

AMDC scheme without feedback error compensation can be found in [12, Eq. (24)] as

N c =



















L
∑

l=1

l
N
∑

n=1

Pr
[

Γl−1:L < γTn
< Γl:L, ΓL:L < γTn+1

]

+ L Pr [ΓL:L < γT1
] , for option 1;

L
∑

l=1

l
N
∑

n=1

Pr
[

Γl−1:L < γTn
< Γl:L, ΓL:L < γTn+1

]

, for option 2.

(8)

With feedback error compensation, as mentioned in Section III-A, if j > n, the receiver will

reduce the combined paths while allL paths are combined whenj < n. Let Pl,n,j denote the
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probability that moden is used withl combined paths while the true constellation size isj.

Then, the average number of combined paths with feedback error is given for option 1 by

N c =
L
∑

l=1

l
N
∑

j=1

j
∑

n=1

qn,j Pl,n,j + L q1,1 Pr [ΓL:L < γT1
] (9)

+L

N−1
∑

j=1

N
∑

n=j+1

qn,j ×















Pr
[

ΓL:L < γTj+1

]

, j = 1;

Pr
[

γTj
< ΓL:L < γTj+1

]

, j > 1

and for option 2 by

N c =
L
∑

l=1

l
N
∑

j=1

j
∑

n=1

qn,j Pl,n,j + L
N−1
∑

j=0

N
∑

n=j+1

qn,j Pr
[

γTj
< ΓL:L < γTj+1

]

. (10)

Noting thatPl,n,j is only valid whenn ≤ j, we can expressPl,n,j for each case as

Pl,n,j =















































Pr
[

Γl−1:L < γTn
< Γl:L, γTj

< ΓL:L < γTj+1

]

, n 6= j < N ;

Pr [Γl−1:L < γTn
< Γl:L, γTN

< ΓL:L] , n 6= j = N ;

Pr
[

Γl−1:L < γTn
< Γl:L, ΓL:L < γTn+1

]

, n = j < N ;

Pr [Γl−1:L < γTN
< Γl:L] , n = j = N.

(11)

All the probabilities in (11) can be obtained by using the results in [12]. For example,

Pr
[

Γl−1:L < γTn
< Γl:L, γTj

< ΓL:L < γTj+1

]

(12)

= Pr
[

Γl−1:L < γTn
< Γl:L, ΓL:L < γTj+1

]

− Pr
[

Γl−1:L < γTn
< Γl:L, ΓL:L < γTj

]

.

Let yl denote the sum of thel − 1 largest ordered-path SNRs, i.e.,yl = Γl−1:L, andzl denote

the sum of theL − l smallest ordered-path SNRs, i.e.,zl = ΓL:L − Γl:L. Then, we can have the
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general form of the probability,Pr [Γl−1:L < α < Γl:L, ΓL:L < β], in (12) for α < β as3

Pr [Γl−1:L < α < Γl:L, ΓL:L < β] (13)

= Pr [yl < α < yl + γl:L, yl + γl:L + zl < β]

=





























































































































































∫ β

α

∫ β−γ

0
fγ1:L,z1

(γ, z)dzdγ, Lα ≥ β;

∫ β/L

α

∫ (L−1)γ

0
fγ1:L,z1

(γ, z)dzdγ

+
∫ β

β/L

∫ β−γ

0
fγ1:L,z1

(γ, z)dzdγ, Lα < β,

l = 1;































∫ α

(l−1)α/l

∫ y/(l−1)

α−y

∫ β−y−γ

0
fyl,γl:L,zl

(y, γ, z)dzdγdy, lα ≤ (l − 1)β;

∫ (l−1)β/l

(l−1)α/l

∫ y/(l−1)

α−y

∫ β−y−γ

0
fyl,γl:L,zl

(y, γ, z)dzdγdy

+
∫ α

(l−1)β/l

∫ β−y

α−y

∫ β−y−γ

0
fyl,γl:L,zl

(y, γ, z)dzdγdy, lα > (l − 1)β,

1 < l < L;































∫ α

(L−1)α/L

∫ y/(L−1)

α−y
fyL,γL:L

(y, γ)dγdy, Lα ≤ (L − 1)β;

∫ (L−1)β/L

(L−1)α/L

∫ y/(L−1)

α−y
fyL,γL:L

(y, γ)dγdy

+
∫ α

(L−1)β/L

∫ β−y

α−y
fyL,γL:L

(y, γ)dγdy, Lα > (L − 1)β,

l = L.

It has been shown that the joint PDF,fyl,γl:L,zl
(y, γ, z), in (13) over i.i.d. Rayleigh fading channels

is given in [12, Eq. (21)]. The other joint PDFs,fγ1:L,z1
(γ, z) andfyL,γL:L

(y, γ), in (13) can be

obtained as marginal PDFs of [12, Eq. (21)]. After successive substitutions from (13) to (9) and

(10), we can obtain the average number of combined paths,N c, of 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 efficiency, η, of the adaptive system can be

calculated as [3, Eq. (33)]

η =
N
∑

n=1

n πn, (14)

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

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

πn =













































F MSC(γTN
)(γTn+1

) − F MSC(γTN
)(γTn

), n > 1;

F MSC(γTN
)(γT2

), n = 1,

for option 1;

F MSC(γTN
)(γTn+1

) − F MSC(γTN
)(γTn

), for option 2,

(15)

whereF MSC(γTN
)(·) denotes the CDF of the combined SNR withL-branch MS-GSC and using

γTN
as an output threshold and which is given for i.i.d. Rayleighfading channels in [22, Eq.

(20)]. With feedback error, we can obtain the average spectral efficiency for both options as

η =
N
∑

n=1

N
∑

j=0

for option 2
j=1

for option 1

n qn,j πj, (16)

whereqn,j is the mode transition probability due to feedback error andπj is given above in (15).

C. Average Error Rate

The average BER for the adaptive modulation system can be calculated as [3, Eq. (35)]

BER =
1

η

N
∑

n=1

n · BERn, (17)

whereBERn is the average error rate when constellation sizen is used for transmission. When

there is feedback error and the system does not adjust the number of combined paths,BERn

can be calculated as

BERn =



















qn,1

∫ γT2

0
BERn(x)fγ(x)dx +

N
∑

j=2

qn,j

∫ γTj+1

γTj

BERn(x)fγ(x)dx, for option 1;

N
∑

j=0

qn,j

∫ γTj+1

γTj

BERn(x)fγ(x)dx, for option 2,

(18)

wherefγ(·) is the PDF of the output SNR which has been obtained in [12, Eq.(23)].

If the system adjusts the combiner structure for the case of feedback error, the calculation

of BERn is more complicated since in this case the PDF of the output SNR is varying with

combiner adjustment. Specifically, we consider the case ofj < n and j ≥ n separately. Let
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f−

γ (x) denote the PDF of the output SNR after adjustment forj < n case andf+
γ (x) for j ≥ n

case. Then,BERn for option 2 can be written as

BERn =
n−1
∑

j=0

qn,j

∫ γTj+1

γTj

BERn(x)f−

γ (x)dx +
N
∑

j=n

qn,j

∫ γTn+1

γTn

BERn(x)f+
γ (x)dγ. (19)

Noting that the receiver combines allL paths when the actual moden is greater than the

feedback modej, the PDF,f−

γ (x), is simply the PDF of theL/L-GSC output SNR [10, Eq.

(9.433)]. On the other hand, whenj ≥ n, the receiver will combine less paths as long as the

output SNR is greater thanγTn
. Therefore, the PDF of the output SNR,f+

γ (x), over the range

of [γTn
, γTn+1

) can be determined as

f+
γ (x) =

d

dx

(

Pr
[

γTn
< Γ1:L < x, γTj

< ΓL:L < γTj+1

]

(20)

+
L
∑

l=2

Pr
[

Γl−1:L < γTn
< Γl:L < x, γTj

< ΓL:L < γTj+1

]

)

.

By using the results in [12], we can calculate each term in (20) as

d

dx
Pr
[

γTn
< Γ1:L < x, γTj

< ΓL:L < γTj+1

]

(21)

=















































∫ γTj+1
−γTj

0 fγ1:L,z1
(x, z)dz, n 6= j < N ;

fγ1:L
(x) −

∫ γTN
−x

0
fγ1:L,z1

(x, z)dz, n 6= j = N ;

∫ γTn+1
−x

0 fγ1:L,z1
(x, z)dz, n = j < N ;

fγ1:L
(x), n = j = N,

d

dx
Pr
[

Γl−1:L < γTn
< Γl:L < x, γTj

< ΓL:L < γTj+1

]

(22)

=































































∫ γTn
l−1

l
x

∫ γTj+1
−γTj

0 fyl,γl:L,zl
(y, x− y, z)dzdy

(

U(x − γTn
) − U(x − l

l−1
γTn

)
)

, n 6= j < N ;

∫ γTn
l−1

l
x
fyl,γl:L

(y, x− y)dy
(

U(x − γTn
) − U(x − l

l−1
γTn

)
)

−
∫ γTn

l−1

l
x

∫ γTN
−x

0
fyl,γl:L,zl

(y, x − y, z)dzdy
(

U(x − γTn
) − U(x − l

l−1
γTn

)
)

, n 6= j = N ;

∫ γTn
l−1

l
x

∫ γTn+1
−x

0 fyl,γl:L,zl
(y, x − y, z)dzdy

(

U(x − γTn
) − U(x − l

l−1
γTn

)
)

, n = j < N ;

∫ γTN
l−1

l
x
fyl,γl:L

(y, x− y)dy
(

U(x − γTN
) − U(x − l

l−1
γTN

)
)

, n = j = N,
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and

d

dx
Pr
[

ΓL−1:L < γTn
< ΓL:L < x, γTj

< ΓL:L < γTj+1

]

(23)

=















0, n 6= j;

∫ γTn
L−1

L
x
fyL,γL:L

(y, x− y)dy
(

U(x − γTn
) − U(x − L

L−1
γTn

)
)

, n = j,

whereU(·) is the unit step function. Finally, substituting (21), (22), and (23) into (20), then

(20) into (19), and finally (19) into (17) leads to the desiredaverage BER of the bandwidth-

efficient and power-greedy AMDC scheme for option 2 with feedback error over Rayleigh fading

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

V. NUMERICAL EXAMPLES

In this section, we illustrate the analytical results derived in the previous section with some

selected numerical examples. Note that although all numerical evaluations obtained from the

analytical results derived in this paper have been also compared by Monte Carlo simulations of

the system under consideration in order to justify our approach, for the better visual quality we

plot the simulation results only forPb = 10−1 in all figures.

Keep in mind that only when there exists feedback error, the number of combined paths is

changed by the proposed path adjustment algorithm in order to accommodate the erroneously

selected modulation mode,n. Hence, the average spectral efficiency is just dependent onfeedback

error and is not affected by path adjustment. In Fig. 2, we present the average number of

combined paths of the bandwidth-efficient and power-greedyAMDC scheme with option 2 for

different average BERs,Pb, of the feedback channel as a function of the average SNR per path,

γ, whenL = 5, N = 3, and BER0 = 10−3. In this figure and what follows, we use the transition

probability,qn,j , in Table I obtained from the labeling scheme presented in Section III-B. From

this figure, we can observe that if the average BER of the feedback channel is relatively small,

i.e., Pb = 10−2 and10−3, the average number of combined paths is almost the same as that in

the case of no feedback error, which means in this case feedback error does not significantly
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Fig. 2. Average number of combined paths of the bandwidth-efficient and power-greedy AMDC scheme with option 2 for

different average BERs,Pb, of the feedback channel as a function of the average SNR per path, γ, whenL = 5, N = 3, and

BER0 = 10
−3.

affect the performance measure. On the other hand, whenPb = 10−1, we can see that the system

requires more paths over the low SNR region and less paths over the high SNR region. Note

that as the average BER of the feedback channel is increasing, the possibility of path adjustment

is also increasing because of the high chance of having different values betweenn and j. In

this case, for the low SNR region, the receiver has to combinemore paths in order to satisfy

the actual boundary threshold,γTn
, which is possibly larger than the true threshold,γTj

, while
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Fig. 3. Average spectral efficiency of the bandwidth-efficient and power-greedy AMDC scheme with option 2 for different

average BERs,Pb, of the feedback channel as a function of the average SNR per path,γ, whenL = 5, N = 3, and BER0 = 10
−3.

for the high SNR region, less paths are required to meetγTn
which is possibly smaller than

γTj
. This observation can be verified and supported by Fig. 3 which shows the average spectral

efficiency with the same parameters used in Fig. 2. While, with Pb = 10−2 and 10−3, giving

almost the same value as that in the case of no feedback error,the average spectral efficiency

with Pb = 10−1 is larger over the low SNR region and smaller over the high SNRregion than that

without feedback error. Note that if the larger modulation mode (N > 3) is used, the difference

in the average spectral efficiency between the cases of feedback error and no feedback error will
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Fig. 4. Average BER of the bandwidth-efficient and power-greedy AMDC scheme with option 2 for different average BERs,

Pb, of the feedback channel as a function of the average SNR per path, γ, whenL = 5, N = 3, and BER0 = 10
−3.

be more distinct.

Finally, we examine the BER performance of the bandwidth-efficient and power-greedy AMDC

scheme with option 2 in Fig. 4 under the same parameters used in the previous figures. This

figure shows that feedback error considerably degrades the BER performance especially for the

low SNR region. Now let us consider how path adjustment can compensate the performance loss

due to feedback error. Fig. 4 shows that the gain obtained from path adjustment over medium
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SNR range is the major benefit. For example, to meet a target BER0 = 10−3, with the feedback

errorPb = 10−1, the scheme without path adjustment requires 7.9 dB while the scheme with path

adjustment only needs 6.5 dB (i.e., path adjustment yields 1.4 dB gains). When the feedback

error Pb = 10−2, about 1 dB SNR gain can be obtained from path adjustment. Also note that

from Figs. 2 and 3, it is shown that in the middle range of SNR (i.e., between 5 and 10 dB), the

bandwidth-efficient and power-greedy AMDC scheme with pathadjustment in the presence of

feedback error uses actually in average less combined pathsand suffers 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 spectral and power efficient wireless

systems, taking into account imperfect feedback channel conditions. More specifically, it is

assumed that the modulation mode the transmitter receives from the receiver can be perturbed

by some feedback errors that can result in the usage of the wrong transmission mode between

the transmitter and the receiver. In order to mitigate the performance impediment, the receiver

adjusts its diversity combining structure according to thenature of feedback error. Through the

analysis of this scheme, we have shown that our proposed pathadjustment method can reduce

the probability of error degradation while maintaining almost the same processing power and

spectral efficiency in comparison with the scheme without path adjustment if the error probability

of the feedback channel is not very high.
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