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Abstract: We introduce the Channel Quality Estimation
Index (CQEI) as an alternative improved performance cri-
terion of wireless communications systems operating over
fading channels, directly related to the system's average er-
ror rate. CQEI is simple to evaluate, since it depends on
the channel statistics, which vary much more slowly than
the channel state itself, and thus can be obtained at the ini-
tialization state using a long training sequence and contin-
uously improved during the whole communication period.
As an application, we use CQEI to �nd the optimum num-
ber of branches in equal gain combining (EGC) receivers,
operating over non-identical fading channels. Numerical
and simulations results show that CQEI represents an ef-
�cient and easy to evaluate criterion to assess the perfor-
mance of wireless systems.

1. Introduction
Well known performance criteria used to describe the

behavior of digital communications systems performing
in fading channels, are the average signal-to-noise ratio
(ASNR), the outage probability, the bit error rate (BER)
and the amount of fading (AoF) [1]. The ASNR is the
most simple to compute, since only the �rst moment of
the instantaneous SNR is needed. However, it cannot
be ef�ciently associated with the error performance, es-
pecially over fading channels, as the variance of the in-
stantaneous SNR is totally ignored. Thus, in order to
describe the error performance more effectively, higher
moments of the instantaneous SNR have to be consid-
ered. Ensuing this concept, AoF was introduced in [2],
[3], as a measure of the severity of the fading channel. It
is the authors' suggestion that the AoF is often appropri-
ate in the more general context of describing the behav-
ior of systems with arbitrary combining techniques and
channel statistics and thus can be used as an alternative
performance criterion. Later AoF was used in [4] and [5]
to assess the performance of wireless systems operating
over correlated fading channels.
In this paper, we introduce the Channel Quality Esti-

mation Index (CQEI), de�ned as the ratio of the variance
of the SNR to the cubed average SNR, as an improved
performance measure of wireless systems operating over
fading channels, directly related to the BER. As an ex-
ample, we apply CQEI in equal gain combining (EGC)
receivers, to estimate the optimum number of branches,
avoiding the so-called "combining loss" that contributes
more in increasing the noise than the signal power during
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the combination stage.
The outline of this paper is as follows. In Section

II, we introduce the CQEI and show that the error per-
formance of a communications system, which operates
over Nakagami-m fading channels, can be better esti-
mated by CQEI compared to AoF or ASNR. In Section
III, we apply the CQEI in EGC receivers operating over
nonidentical fading channels. Some simulation results
are provided in Section IV, and in Section V we present
conclusions and �nal comments.

2. Channel Quality Estimation Index
(CQEI)

De�nition 1: For a given fading distribution of a
received signal, the Channel Quality Estimation Index
(CQEI) is de�ned by the ratio of the variance of the in-
stantaneous received SNR to the cubed mean of the re-
ceived SNR, , i.e.,

CQEI =
V arfg
[Ehi]3 =

AoF

Ehi (1)

where  is the instantaneous SNR of the received signal,
de�ned as  = r2 EbN0

; with r being the fading envelope,
Eb the energy per symbol, N0 the Gaussian noise spec-
tral density and Eh�i means expectation.
Next, we show that CQEI indicates signi�cantly bet-

ter the average error performance of a wireless system
operating over Nakagami-m fading channel compared to
other long-term criteria, namely, the AoF and the ASNR.
Let the fading envelope r be described by the

Nakagami-m PDF, which is given by [6]

pr(r) =
2mmr2m�1


m�(m)
e�

mr2


 ; r > 0 (2)

wherem is a fading parameter which ranges from 0.5 to
in�nity, 
 is the mean power of the fading envelope and
�(�) the Gamma function. Then the SNR per symbol, ,
is distributed according to the gamma distribution as [1]

p() =
mmm�1

m�(m)
e
�m

 ;  > 0 (3)

where  = 
Es=N0 is the average SNR per symbol.
Taking into account that the moment generating function
(MGF) is

M(s) =

�
1� s

m

��m
(4)



the AoF and the CQEI are given by

AoF =
1

m
(5)

and
CQEI =

1

m
: (6)

Lemma 1: Let us assume anM -PSK, or anM -QAM
or a DPSK communications system, which operate over
the non-identical Nakagami-m fading channels: Ha !
(ma,a) and Hb ! (mb,b). If ma > mb and a >
b, then Pea < Peb , where Pea ; Peb are the average
symbol error probabilities (ASEP) of the corresponding
channels.
Proof. Using (4) and Appendix D, in order to prove that
Pea < Peb , we have to prove that

1

�

�
1 +

ag

ma

��ma

<
1

�

�
1 +

bg

mb

��mb

(7)

where g = fgM�PSK , gM�QAM ; gDPSKg; depend on
the modulation scheme and are given in Appendix D.
The above is directly proved, employing the results de-
duced in Appendix A, considering g as the variable x
andm as the variable y:

Lemma 2: Let us assume anM -PSK, or anM -QAM
or a DPSK communications system, which operate over
the non-identical fading channels: Ha ! (ma,a) and
Hb ! (mb,b). The uncertainty region of the error per-
formance estimation signi�cantly decreases when CQEI
is used, compared to AoF and ASNR.
Proof.
Case I:ma > mb and a > b:
In this case it will be AoFa < AoFb and CQEIa <

CQEIb and as mentioned in Theorem 1, it will be Pea <
Peb .
Case II: ma > mb and a< b:
In that case it will be AoFa < AoFb; while CQEIa

may be greater or less than CQEIb; depending on the
values ofma; mb and a; b: Let us assume that
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mb
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(8)

which equivalently gives

b >
mb

g

"�
1 +

ag

ma

�ma
mb

� 1
#
: (9)

Since both parts of (8) are monotonic functions of con-
stant sign, the inequality will also hold after integration
of the two parts over the same integration interval, i.e.
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Figure 1: The failure region of the AoF, compared with
the failure region of the CQEI, assuming two Nakagami-
m channels (ma = 4; mb = 2) and a 4-PSK communi-
cation system.

or Pea > Peb : Thus, the AoF will fail to correctly esti-
mate the error performance of the two channels for those
b; a satisfying (9).
On the contrary ifCQEIa < CQEIb; or equivalently

ama > b=mb; it will be Pea > Peb ; only for those
b; a; satisfying

maa
mb

> b >
mb

g

"�
1 +

ag

ma

�ma
mb

� 1
#
; (11)

and if CQEIa > CQEIb; it will be Pea < Peb ; only for
those b; a; satisfying

maa
mb

< b <
mb

g

"�
1 +

ag

ma

�ma
mb

� 1
#
: (12)

Obviously, same results could be derived assuming
ma < mb and a > b:
Note, that the ASNR is not evidently a reliable crite-

rion for the error performance of a wireless system oper-
ating over non-identical fading channels, since it totally
ignores the fading severity. Therefore, comparing the
ASNRs of channels with different m parameters, is the
same as comparing the ASNRs of different distributions,
which does not lead in safe results or decisions. For ex-
ample, a channel with higher ASNR, but with more se-
vere fading conditions than an other channel, may result
in worse error performance.
An example for the above theoretic results is shown

in Fig. 1, where a 4-PSK communication system is
assumed, operating over two Nakagami-m fading chan-
nels. In this �gure we compare the failure regions of
the AoF and the CQEI, which were found using (9)-
(11) for ma = 4; mb = 2 and ASNR < 20 dB.
It is observed that the values of a and b for which
is Pea > Peb and AoFa < AoFb, are signi�cantly



Figure 2: The ratio of the AoF failure region to the CQEI
failure region, as a function of the Nakagami-m parame-
ters, for a 4-PSK communication system.

greater than the range of values of a and b for which
Pea > Peb and CQEIa < CQEIb or Pea < Peb
and CQEIa > CQEIb. Similar results can be ob-
tained for any values of ma and mb, as shown in Fig.
2, which depicts the ratio of the CQEI failure region, to
the AoF failure region, versus the m-parameters of the
Nakagami fading channels. We observe that the CQEI
failure region is smaller than the corresponding region of
the AoF, for any values of them parameters. Moreover,
for channels with comparable fading parameters, (true in
most practical applications), and values larger than 2; the
above ratio falls even below 0.1.

3. A CQEI Application: Near-optimum
Number of Branches Estimation for
EGC Receivers

3.1. System and Channel Model
We consider an L-branch predetection EGC diversity

receiver, operating in a fading environment. The re-
ceived signal at the ith antenna at timing instant t is

zi(t) = ri(t)s(t) cos[2�fct+ �i(t)] + ni(t) (13)

where fc is the carrier frequency, ni(t) is the addi-
tive white Gaussian noise (AWGN) with a two-sided
power spectral density N0=2; s(t) is the transmitted sig-
nal, �i(t) is the uniformly distributed random phase due
to Doppler shift and oscillators' frequency mismatch,
and ri(t) is the fading envelope. The receiver equally
weights all input signals and then sums them to produce
the decision statistic. For equally likely transmitted sym-
bols, the instantaneous output SNR per symbol is given
by

out =
Es
LN0

(r1 + r2 + : : :+ rL)
2 (14)

with Es being the energy per symbol. In a Nakagami-
m fading environment, r1; r2; : : : ; rL are RVs with pdf's

given by (2). Here, it is assumed that the m parame-
ter is not the same for all branches, which is true in
several practical applications, and the power delay pro-
�le of the input paths could be uniform (i = ) or
nonuniform, representing antenna diversity or multipath
diversity over frequency-selective fading channels, re-
spectively.
3.2. Moments of the Output SNR
Using (14), the nth moment of the EGC output SNR

is [7], by de�nition

�n = Ehnouii = Eh
�
Es
LN0

(r1 + r2 : : :+ rL)
n

�
i

=

�
Es
LN0

�n
Eh(r1 + r2 : : :+ rL)2ni (15)

where Eh�i means expectation. Using the multinomial
theorem [8] and i = Esr2i =N0; i = 1; : : : ; L; with i;
being the instantaneous SNR at the ith input path of the
combiner, results in

�n =
(2n)!

Ln

2nX
n1;:::;nL=0

n1+;:::;+nL=2n

2664Ehn1=21 : : : 
nL=2
L i

LQ
i=1

ni!

3775 :
(16)

For independent but not necessarily identically distrib-
uted (i.d) branches, Ehn1=21 : : : 

nL=2
L i is expressed as

Ehn1=21 : : : 
nL=2
L i = Ehn1=21 i : : : EhnL=21 i: (17)

Now, using the well-known expression for the nth mo-
ment of the SNR of a single Nakagami-m channel [1]

Ehni i =
�(m+ n)

�(m)mn
ni (18)

which holds also for noninteger values of n, (16) can be
expressed as

�n =
(2n)!

Ln
LY
i=1

�(mi)

2nX
n1;:::;:nL=0

n1+;:::;+nL=2n

LY
i=1

�(mi +
ni
2 )

ni=2
i

ni!m
ni=2
i

:

(19)
Knowing the raw moments given by (19), the k-central
moment of output SNR, Eh(out;L � out;L)ki can be
written after using the binomial theorem, as

Eh(out;L � out;L)ki =

=
kX

n=0

k!

n!(k � n)!Eh
n
out;L(�out;L)k�ni

k

=
X

n=0

k!(�1)k�n(out;L)k�n

n!(k � n)! �n (20)

where Ehnout;Li is the nth moment of out;L given by
(19).

3.2.1. Amount of Fading

The Amount of Fading for an EGC receiver is

AoF =
V arhout;Li
2out;L

: (21)



where V arhout;Li = Eh(out;L� out;L)2i is the sec-
ond central moment of the average SNR and out;L is
the averaged SNR, and can be directly calculated using
the closed forms of (19) and (20).

3.2.2. Channel Quality Estimation Index

The Channel Quality Estimation Index for an EGC re-
ceiver is

CQEI =
V arhout;Li
3out;L

: (22)

and can be directly calculated using the closed forms of
(19) and (20).
3.3. An Algorithm for the Estimation of the Near-

optimum Number of Branches for EGC Re-
ceivers

It is well known that in EGC receivers, increment of
the used branches does not always leads to performance
improvement, especially when nonidentical branches are
considered. This phenomenon occurs because some
branches may receive a highly attenuated replica of the
transmitted signal or even only noise. Thus, the optimum
performance would be achieved by the selection of the
number of branches that would minimize the BER. Such
a technique requires either a continuous estimation of the
BER, leading in high complexity, or closed forms for the
BER calculation in nonidentical fading channels. Here,
we propose a near optimum algorithm for the number of
branches used at the EGC receiver, which is described
below.
The algorithm assumes that the parametersmi and i

of the channel at each branch are known. The steps of
the proposed algorithm are:

1. Estimation of i; for i = 1; : : : ; L, using a long
training sequence at the initialization stage.

2. Calculation of the second central moment of the
output SNR V arhout;ii for i = 2; : : : ; L, using the
closed form of (20):

3. Calculation of the Channel Quality Estimation In-
dex as:

CQEIi =
V arhout;ii

�31;i
; i = 2; : : : ; L: (23)

4. Estimation of the number of branches as:

Lopt = argmin
i=2:::L

fCQEIig (24)

4. Numerical Results
In this section, we provide numerical representative

curves and tables illustrating the performance of the pro-
posed algorithm in an EGC receiver over Nakagami-m
fading channels and the ef�ciency of the ASNR, AoF
and CQEI to estimate the optimum diversity branches.
The maximum available branches are assumed to be

Figure 3: The performance of the EGC receiver when
various criteria employed, compared to an L = 5 EGC
receiver for a BPSK communication system performing
over Nakagami-m fading, assuming non-i.i.d branches
(d =1, m1 = 1:5; m2 = 2; m3 = 2:5; m4 = 3:2;
m5 = 1:3).

L = 5 with each branch to carry signal from a propa-
gation path with different fading parameters and the re-
ceiver to operate with an exponentially power delay pro-
�le (pdp), i.e. i = e�di; where d is the decaying fac-
tor. The diversity branches to be used are determined by
the following decisions for each of the criteria.
LSNR = argmax

i=2:::L
fSNRig;

LAoF = argmin
i=2:::L

fAoFig;

LCQEI = argmin
i=2:::L

fCQEIig and

LBER = argmin
i=2:::L

fBERig.

The optimum criterion is obviously the expected BER,
which is evaluated via simulations. In Fig. 3 we compare
the error performance of the EGC receiver when various
criteria employed, over Nakagami-m fading and assum-
ing a decay factor d = 1. It is observed that when the
CQEI is used the combining loss is almost eliminated,
while the other criteria, as the ASNR and the AoF, fail
to estimate the optimum diversity branches. For a de-
cay factor of d = 2 the above comparisons are shown in
Fig.4, where similar results can be derived, with the dif-
ference that the performance of the ASNR concerning
the branches estimation has improved, while the AoF to-
tally fails. This behavior is expected, as high values of
the decay factor result in an error performance which is
determined only by the �rst one or two branches. The
CQEI, in both cases, seems to successfully determine the
near optimum diversity branches.
In Table I, we present the ability of the ASNR, AoF

and CQEI in estimating the optimum diversity branches
for various values of the decay factor and for fading para-
meters that follow a truncated Gaussian distribution with



Table 1: Percentage (%) of successfully selecting the op-
timum number of branches, when different criteria ap-
plied, for various values of the average snr and the decay
factor at the receiver over Nakagami-m fading.

d  0 5 10 15 20
0.5 71 78 77 78 82

ASNR 1 65 26 15 8 8
1.5 90 82 65 36 16
2 91 92 91 65 62
0.5 92 91 89 91 90

AoF 1 23 24 38 60 65
1.5 2 2 3 2 8
2 6 7 5 2 2
0.5 95 93 94 95 92

CQEI 1 68 71 92 84 78
1.5 80 79 88 85 79
2 94 96 96 94 86

mean, � = 2 and variance, �2 = 1:5. The latter assump-
tion has been adopted in the channel modeling standards
for Ultra Wideband Systems [9]. We note, that fail-
ure in estimating the optimum diversity branches does
not always lead to dramatic performance decrement, as
the difference from the optimum may not be signi�cant.
Thus, from Table I, we can see that the CQEI estimates
the optimum diversity branches better that the other cri-
teria for almost any case. In general, we observe that
the AoF constitutes a reliable criterion only for small de-
cay factors, while the ASNR for high power delay pro-
�les. We note that the decision on the optimum number
of branches is based on the CQEI of the output SNR,
which distribution is unknown. Taking into account the
above remarks and the ef�ciency of the CQEI in estimat-
ing the optimum number of branches, we could describe
the CQEI as an error performance criterion for general-
ized fading channels, even with unknown statistics.

5. Conclusions
In this paper, a novel error performance criterion for

wireless digital communications systems operating over
generalized fading channels was presented. Compara-
tively to other classical performance measures, such as
ASNR, or AoF, the CQEI can describe signi�cantly bet-
ter the system's behavior. Theoretical study of the CQEI
in Nakagami-m fading channels for M-PSK, M-QAM
and DPSK modulation schemes, showed its ef�ciency
towards AoF. CQEI was applied in the EGC receiver as
an optimum number of branches selection criterion, im-
proving the overall error performance. Finally numeri-
cal results and simulations were evaluated to validate the
conclusions derived above.

APPENDIX A

Let us consider the function

f(x; y) =

�
1 +

x

y

��y
; x; y 2 R+: (A1)

Figure 4: The performance of the EGC receiver when
various criteria employed, compared to an L = 5 EGC
receiver for a BPSK communication system performing
over Nakagami-m fading, assuming non-i.i.d branches
(d =2, m1 = 1:2; m2 = 2; m3 = 3:1; m4 = 2:2;
m5 = 3:0).

The partial derivative @
@yf (x; y) is given by

@

@y
f (x; y) =

�
1 +

x

y

��y �
x

y + x
� ln

�
1 +

x

y

��
:

(A2)
Using the well known inequality

x

x+ 1
< ln (1 + x) ; (A3)

it is deduced that�
x

y + x
� ln

�
1 +

x

y

��
< 0 (A4)

and since �
1 +

y

x

��x
> 0 (A5)

we derive that
@

@y
f (x; y) 6 0: (A6)

The partial derivative @
@xf (x; y) is given by

@

@x
f (x; y) = �

�
1 +

x

y

��1�y
(A7)

which is negative 8 y > 0; x > 0:
Thus the function f(x; y) is monotonically

decreasing; which means that f(x1; y1) < f(x2; y2); 8
x1 > x2; y1 > y2; :



APPENDIX B

Let us consider the function

f(x; y) =

�
1 + x2

1 + x2 + y

�
exp

�
x2y

1 + x2 + y

�
; x; y 2 R+

(B1)
The partial derivative @

@yf (x; y) is given by

@

@y
f (x; y) = (B2)

�
exp

�
x2y

1+x2+y

�
(1 + x2)(1 + 2x2 + x4 + y)

(1 + x2 + y)3
< 0:

(25)

The partial derivative @
@xf (x; y) is given by

@

@x
f (x; y) = �

2 exp
�

x2y
1+x2+y

�
x3y2

(1 + x2 + y)3
< 0 (B3)

Thus the function f(x; y) is monotonically
decreasing; which means that

f(x1; y1) < f(x2; y2); 8 x1 > x2; y1 > y2; : (B4)

APPENDIX C

Let us consider the function

f(x; y) =

�
1 + 2y +

(2y)2x2

(1 + x2)2

�� 1
2

; x; y 2 R+:
(C1)

The partial derivative @
@yf (x; y) is given by

@

@y
f (x; y) = �

2 + 8x2y
(1+x)2

2
�
1 + 2y + (2y)2x2

(1+x)2

� 3
2

< 0: (C2)

The partial derivative @
@xf (x; y) is given by

@

@x
f (x; y) =

4x(�1 + x2)y2

(1 + x2)3
�
1 + 2y + (2y)2x2

(1+x2)2

� 3
2

(C3)

which is negative for 0 < x < 1:
Thus the function f(x; y) is monotonically decreasing

for 0 < x < 1; y > 0; which means that

f(x1; y1) < f(x2; y2); 8 x1 > x2; y1 > y2; : (C4)

APPENDIX D

The average symbol error probabilities for M�PSK,
M�QAM and DPSK communications systems are
given by

M�PSK: 1

�

Z (M�1)�
M

0

M

�
�gMPSK

sin2(')

�
d'

M � QAM :
4

�

�
1� 1p

M

�Z �
2

0

M

�
�gMQAM

sin2(')

�
d'

� 4
�

�
1� 1p

M

�2 Z �
4

0

M

�
�gMQAM

sin2(')

�
d'

DPSK :
1

2
M (�gDPSK) :

where gMPSK = sin2(�=M); gMQAM = 3=2(M � 1)
and gDPSK = 1:
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