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Abstract
In this paper, two new shadowed fading distributions � − � − �/Inverse Gamma and 
� − � − �/Inverse Gamma are proposed to model wireless communication channel. Prob-
ability density functions (pdf), tth-moments and moment generating functions (MGF) of 
the instantaneous SNR for these channels have also been determined. Obtained statistics 
are applied to ascertain Amount of Fading (AoF), channel capacity per unit bandwidth 
and Average Symbol Error Rate (ASER). To judge the performance of multi-hop com-
munication, Source to Sink Average Bit Error Rate (S2S-ABER) have been determined 
where independent and identical distributed and independent and non-identical distributed 
multi-hop links have been considered. The performance of these matrices are studied under 
various channel parameters and Monte Carlo simulations have been performed to validate 
the analytical expressions. Moreover, performance of multi-hop IEEE 802.15.4 Zigbee and 
IEEE 802.15.1 Bluetooth radios have also been analyzed over these channels.

Keywords  Shadowed fading · Inverse Gamma shadowing · � − � − �∕Inverse Gamma · 
� − � − �∕Inverse Gamma · Average symbol error rate · Source to sink average bit error 
rate

1  Introduction

Recent developments in wireless technologies has created various applications such as 
Machine-to-Machine communication, vehicular communication, IoT applications, Ad-hoc 
and Sensor Networks, etc., which require thorough study of communication channel to fulfill 
stringent requirements. Information propagates through these unpredictable communication 
channels where it may suffer fading, shadowing or combination of both. Numerous channel 
distributions have been proposed in literature to judge the behavior of the combined effect 
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of both fading and shadowing. These channel distributions are known as shadowed fading 
channel distributions. Nakagami-Lognormal [25] is most commonly used shadowed fading 
channel distribution. K-distribution [1], G-distribution [12] and Nakagami-N-Gamma [18] are 
few other composite channel distributions which have been proposed in literature. Moreover, 
researchers are also focusing on dual shadowing of generalized fading models [2, 19]. But, 
due to ever increasing constraints on wireless channels, there is dire need to explore more such 
channels and analyze the performance of wireless communication systems over these channels 
so that wireless systems perform as per design. In recent years, a family of distributions based 
on � − � , � − � and � − � fading and their variants such as � − �/gamma [21], � − � shad-
owed fading [15] and their variants [3–5, 7, 13, 22, 23, 28] have been proposed. Besides these 
some channel models that considered effect of nonlinearities in fading have also been reported 
in literature such as � − � − �∕gamma [24] and � − � − �∕gamma [20] channels.

Recently two new composite distributions i.e., � − �/Inverse Gamma and � − �/Inverse 
Gamma have also been proposed [26, 27, 29]. These channels assumes � − � or � − � fading 
along with inverse gamma shadowing, which is a good alternative for log-normal and gamma 
shadowing distributions [17, 30]. The suitability of these models have also be empirically vali-
dated through field measurements in wearable, vehicular as well as cellular networks [29]. But 
these channel models have not considered the effect of nonlinearities in fading which may be 
an important factor for recently developed and future communication environments. In this 
paper, more generalized forms of � − �/Inverse Gamma and � − �/Inverse Gamma distri-
butions are proposed which consider the effect of nonlinear fading. These distributions are 
� − � − �/Inverse Gamma and � − � − �/Inverse Gamma distributions. � − �/Inverse Gamma 
and � − �/Inverse Gamma distributions can be considered as a special cases of these proposed 
distributions with � = 2 . Expressions of pdfs, tth-moments and MGFs of the proposed dis-
tributions have been determined in this paper which signifies the error probability calcula-
tions prior to physical deployment of communication system. The performance of wireless 
communication systems over these proposed channels have also been analyzed. For multi-hop 
wireless communication systems, expressions for S2S-ABER have been derived for two cases 
i.e., 1.  links with independent and identical distribution (iid) and, 2.  links with independent 
and nonidentical distributions (inid)

[14]. Additionally to judge the performance of Wireless Sensor Networks (WSN)s, per-
formance of multi-hop IEEE 802.15.4 Zigbee and IEEE 802.15.1 Bluetooth radios have also 
been analyzed over these channels. Monte Carlo simulation have also been performed to vali-
date the obtained expressions.

Rest of the paper is organized as: in Sect. 2, expressions for the pdf of instantaneous SNR, 
tth-moment and MGF for � − � − �/Inverse Gamma shadowed fading channel are determined. 
In Sect.  3, stated statistics are determined for � − � − �/Inverse Gamma shadowed fading 
channel. In Sect. 4, expressions for AoF, Channel Capacity per unit bandwidth and ASER are 
determined. Results and discussions are presented in Sect. 5. Section 6 concludes the paper.
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2 � The ̨ − � − �/Inverse Gamma Shadowed Fading Channel

If r be the received signal envelope which follows � − � − � fading, then conditional prob-
ability density1 of random variable p = r� , where � is non-linearity parameter, with shad-
owing power � can be obtained as [8]:

where � , h and H are the parameters of � − � distribution and p = E[r�] . h and H depend 
on the value of � and can be defined either for format 1 or for format 2 [8]. We have fol-
lowed format 1 for which h and H are defined as

respectively. I
�
(⋅) is modified Bessel function of first kind and Γ(⋅) is Euler gamma function 

[16].
If � and �  be instantaneous and mean Signal to Noise Ratios (SNR)s, then pdf of 

� − � − �/Inverse Gamma shadowed fading channel can be obtained by transforming 
above pdf to conditional instantaneous SNR pdf through definition � = �

(
p

p

)2∕�

 and aver-
aging it with inverse gamma distribution. This can be written as

where � and �  are the instantaneous and average Signal to Noise Ratio, c and � are the 
respective shape and scale parameters of inverse gamma distribution. � = c − 1 , as mean of 
inverse gamma variable has been set equal to 1.

The following lemmas give expressions of pdf, tth-moment and MGF for � − � − �/
Inverse Gamma shadowed fading Channel. Pdf can be obtained by solving the above inte-
gration whereas, tth-moment and MGF can be obtained by their respective definitions, i.e., 
expected values of � t and es� respectively.

Lemma 1  If � and �  are the instantaneous and average Signal to Noise Ratio, then pdf of 
instantaneous SNR for � − � − �/Inverse Gamma distribution can be given as
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1  Since due to shadowing, the average received signal power is not constant throughout the transmission, 
rather follows a particular probability distribution, the term conditional probability density is used.
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where, � , h, H and �are the parameters of � − � − � fading channel, c is shadowing 
parameter and � = c − 1 , wi’s and xi’s are weights and nodes for Gauss–Laguerre integral 
approximation and N is number of terms. Ka is normalization constant given by

Proof  Substituting x = �∕� in Eq. (3) and using Gauss–Laguerre integral approxima-
tion the required result in Eq. (4) is obtained. Ka is normalization constant to ensure 
∫ ∞

0
f
�
(x)dx = 1 , which is equal to zeroth moment of the distribution and can be obtained by 

substituting t = 0 in Eq. (6) and given as Eq. (5).	�  ◻

Lemma 2  The tth-moment of � − � − �/Inverse Gamma Shadowed Fading Channel can 
be given as

where symbols have their usual meanings.

Proof  Following the definition of tth-moment, i.e E(� t) , where E(⋅) is expectation, substi-
tuting y = 2�hxi

�

(
�

�

)�∕2

 and using Gauss-Laguerre integral approximation the tth-moment 
of � − � − �/Inverse Gamma distribution can be obtained as Eq. (6).	�  ◻

Lemma 3  The MGF of � − � − �/Inverse Gamma Shadowed Fading Channel can be 
given as

(4)
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where symbols have their usual meanings.

Proof  From the definition of MGF, i.e E(e� ) , and following same procedure as in the 
proof of tth-moment of � − � − �/Inverse Gamma distribution, MGF of � − � − �/Inverse 
Gamma distribution can be obtained as Eq. (7).	� ◻

3 � The ̨ − � − �/Inverse Gamma Shadowed Fading Channel

If r be the received signal envelope which follows � − � − � fading, then conditional den-
sity of random variable p = r� with shadowing power � can be obtained as [8]:

where � and � are the parameters of � − � distribution and p = E[r�].
If � and �  be instantaneous and mean Signal to Noise Ratios (SNR)s, then pdf of 

� − � − �/Inverse Gamma shadowed fading channel can be obtained by transforming the 
conditional power density pdf to conditional instantaneous SNR pdf through similar defini-
tion as in previous section i.e, � = �

(
p

p

)2∕�

 and averaging it with inverse gamma distribu-
tion. This can be written as:

where � and �  are the instantaneous and average Signal to Noise Ratio, c and � are the 
respective shape and scale parameters of inverse gamma distribution. Also � = c − 1 , as 
mean of inverse gamma variable has been set equal to 1.

The following lemmas give the expressions of pdf, tth-moment and MGF for � − � − �/
Inverse Gamma shadowed fading Channel.
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Lemma 4  If � and �  are the instantaneous and average Signal to Noise Ratio, then pdf of 
instantaneous SNR for � − � − �/Inverse Gamma distribution can be given as

where, � , � and � are the parameters of � − � − � fading channel, c is shadowing param-
eter and � = cc − 1 , wi ’s and xi’s are weights and nodes for Gauss–Laguerre integral 
approximation and N is number of terms. Kb is normalization constant given by

Proof  Substituting x = �∕� in Eq. (3) and using Gauss–Laguerre integral approximation, 
the required result in Eq. (10) is obtained. Kb is again normalization constant which ensure 
∫ ∞

0
f
�
(x)dx = 1 and equal to zeroth moment of the distribution. It can be obtained by substi-

tuting t = 0 in Eq. (12) and given as Eq. (11).	�  ◻

Lemma 5  The tth-moment of � − � − �/Inverse Gamma Shadowed Fading Channel can 
be given as

where symbols have their usual meanings.

Proof  Following the definition of tth-moment, substituting y = �(1+�)xi

�
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 and using 
Gauss–Laguerre integral approximation the tth-moment of � − � − �/Inverse Gamma can 
be obtained as Eq. (12).	�  ◻

Lemma 6  The MGF of � − � − �/Inverse Gamma Shadowed Fading Channel can be 
given as
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where symbols have their usual meanings.

Proof  Following the definition of MGF and same procedure as in the proof of tth-moment 
of � − � − �/Inverse Gamma distribution, MGF of � − � − �/Inverse Gamma distribution 
can be obtained as Eq. (13).	� ◻

4 � Performance Measures in Wireless Communication Systems

4.1 � AoF

AoF for any arbitrary fading channel is defined as

where m1 and m2 are the 1st and 2nd moments of instantaneous SNR. AoF for � − � − �/
Inverse Gamma and � − � − �/Inverse Gamma shadowed fading channels can be obtained 
by calculating their respective 1st and 2nd moments and substituting in Eq. (14).

4.2 � ASER

ASERs for different modulations schemes can be obtained using alternate representation of 
Q function [9] and [6, Eq. 17] and given as

where Ψ(⋅) is MGF of the channel and values of Ac s and Bc s for different modulation 
schemes can be obtained from [6, Table I]. ASERs for various modulations schemes can be 
given by following lemmas.

Lemma 7  ASER for � − � − �∕Inverse Gamma shadowed fading channel can be given 
as:
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where symbols have their usual meanings.

Proof  Substituting MGF of � − � − �∕Inverse Gamma channel and using [10, Eq. 3.363.2] 
Eq.16 follows.	�  ◻

Lemma 8  ASER for � − � − �∕Inverse Gamma shadowed fading channel can be given 
as:

where symbols have their usual meanings.

Proof  Substituting MGF of � − � − �∕Inverse Gamma channel and using [10, Eq. 3.363.2] 
Eq.17 follows.	�  ◻

4.3 � Average Channel Capacity

Average Channel Capacity per unit bandwidth ( C ) for any arbitrary channel can be defined as 
the expected value of log2(1 + �) , i.e., E[log2(1 + �)] , where � is instantaneous SNR. Next two 
lemmas give the expressions of Average Channel Capacity per unit bandwidth for � − � − �/
Inverse Gamma and � − � − �/Inverse Gamma shadowed fading channels respectively.

Lemma 9  Average Channel Capacity per unit bandwidth ( C ) for � − � − �/Inverse 
Gamma shadowed fading channel can be given as
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where symbols have their usual meanings.

Proof  Following the definition of Average Channel Capacity per unit bandwidth and same 
procedure as in the derivations of tth-moment and MGF, Average Channel Capacity per 
unit bandwidth for � − � − �/Inverse Gamma distribution can be obtained and given in Eq. 
(18).	�  ◻

Lemma 10  Average Channel Capacity per unit bandwidth ( C ) for � − � − �/Inverse 
Gamma shadowed fading channel can be given as

where symbols have their usual meanings.

Proof  Following the definition of Average Channel Capacity per unit bandwidth and same 
procedure as in the derivations of tth-moment and MGF, Average Channel Capacity per 
unit bandwidth for � − � − �/Inverse Gamma distribution can be obtained and given in Eq. 
(19).	�  ◻

4.4 � S2S‑ABER

Figure 1 shows a typical multi-hop communication scenario with L + 1 nodes where message 
passes from source to sink node in multiple hops using decode and forward technique. Each 
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Fig. 1   A typical multi-hop communication scenario
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individual link is modeled as BPSK modulated system. Average BER of ith hop having any 
arbitrary distribution D is assumed to be ΛDi

 ∀i ∈ [1,L] . Θ is the S2S-ABER from source to 
sink node having L hops. Since message passes through multiple hops, every individual chan-
nel can be modeled independently either with identical or non-identical distributions.

For a multi-hop path in a network with L hops where all the links are independent and 
identically distributed with distribution D and equal received average SNR � , the S2S-ABER 
is given by [14]

whereas, S2S-ABER for a multi-hop path in a network with L hops having independent but 
non identically distributed links is given by [14]

where ΛDi
(� i) is Average BER of ith hop(link) having distribution Di and average SNR � i . 

Considering a simpler network of L hops with only two types of links i.e., having � links 
with distribution D1 and rest L − � links with D2 and also assuming equal average SNR �  , 
then Eq. (21) can be simplified to

where symbols have their usual meanings.

4.5 � Application in IEEE 802.15.4 Zigbee and IEEE 802.15.1 Bluetooth Radios

Average BER for IEEE 802.15.4 Zigbee and IEEE 802.15.1 Bluetooth Radios over any arbi-
trary channel with distribution D can be given as [11]

and

respectively, where swsn = 20(1 −
1

z
) , sBT =

1

2
 and ΨD(s) is the MGF of distribution D . Sub-

stituting the expression of MGFs for � − � − �/Inverse Gamma and � − � − �/Inverse 
Gamma distributions for both links, the average BER for these distributions can be 
obtained. S2S-ABER for multi-hop iid and simpler case of inid networks can be obtained 
on substituting Average BERs in Eqs. (20) and (22) respectively.
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5 � Results and Discussion

Accuracy of numerical results with typical choice of parameters of the channels depend on 
number of terms N and M. As value of N and M increases results become more and more 
accurate. However, higher values of N and M increases the computation burden. Therefore 
choice of N and M need to be optimized based on the required accuracy and available com-
putational resources. Number of terms (N, M) required in calculation of channel capacity 
and average BER for accuracy up to 4th significant digit for � − � − �/Inverse Gamma and 
� − � − �/Inverse Gamma channels with typical parameter sets � = [�, �,�, c] = [3, 3, 6, 2] 
and � = [�, �,�, c] = [4, 3, 3, 3] respectively are shown in Table  1. Number of terms Ns 
and Ms required for other parameter sets can also be obtained in similar manner. Values 
of wi’s, xi ’s and yi ’s in various expressions can be obtained directly from online resource 
https://​keisan.​casio.​com/​exec/​system/​12806​24821.

5.1 � Analysis Over Single‑Hop Communication

Figure 2 shows the variation of ASER with respect to Average SNR for different coherent 
modulation schemes over � − � − �∕Inverse Gamma and � − � − �∕Inverse Gamma chan-
nels with typical parameter sets � = [�, �,�, c] = [3, 3, 6, 3] and � = [�, �,�, c] = [6, 8, 6, 3] 
respectively. It can be easily seen from Fig. 2 that best performance is obtained through 
BPSK modulation system whereas performance degrades for higher constellations. For 
example at 10 dB Average SNR, ASER for BPSK modulation over � − � − �∕Inverse 
Gamma and � − � − �∕Inverse Gamma channels are 4.5 × 10−4 and 3.2 × 10−5 respec-
tively. For QPSK modulation these are 1.2 × 10−2 and 3.6 × 10−3 , for 8PSK modulation 
these are 1.4 × 10−1 and 1.1 × 10−1 and for 16PSK modulation these are 4.3 × 10−1 and 
4 × 10−1 respectively.

Figure  3 shows the variation of ABER with respect to Average SNR for BPSK 
modulated system over � − � − �∕Inverse Gamma and � − � − �∕Inverse Gamma 
channels with various channel parameters. From Fig.  3, it can be easily seen that for 
� − � − �∕Inverse Gamma channel, ABER increases if � increases whereas it decreases 
if � , � and c increases. For � − � − �∕Inverse Gamma channel, ABER decreases 
with increase in all the channel parameters. For example at 12 dB Average SNR 
over � − � − �∕Inverse Gamma, ABER decreases from 1.12 × 10−4 to 1.99 × 10−5 if � 
increases from 3 to 4. It increases from 1.99 × 10−5 to 2.73 × 10−5 if � increases from 
3 to 6. It again decreases from 2.73 × 10−5 to 9.34 × 10−6 if � increases from 3 to 6 
and 9.34 × 10−6 to 2.16 × 10−6 if c increases from 3 to 6. Similarly at 12 dB Average 

Table 1   Number of terms N and M required for accuracy up to 4th significant digits in Channel Capacity, 
Average BER, and AoF for � − � − �/Inverse Gamma and � − � − �/Inverse Gamma channels with typical 
parameter sets � = [�, �,�, c] = [3, 3, 6, 2] and � = [�, �,�, c] = [4, 3, 3, 3] respectively

S. no. Channel Number of terms (N, M) required

Channel capacity ABER AoF

1. � − � − �/Inverse Gamma (16, 14) (7, 11) (29, 12)
2. � − � − �/Inverse Gamma (12, 26) (6, 19) (11, 20)

https://keisan.casio.com/exec/system/1280624821
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Fig. 2   ASER over � − � − �∕Inverse Gamma and � − � − �∕Inverse Gamma shadowed fading channels for 
various modulation schemes �

Fig. 3   ABER over � − � − �∕Inverse Gamma and � − � − �∕Inverse Gamma shadowed fading channels for 
various parameters �
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SNR over � − � − �∕Inverse Gamma channel, ABER decreases from 1.66 × 10−6 to 
6.60 × 10−7 , 6.6 × 10−7 to 5.85 × 10−7 , 5.85 × 10−7 to 4.48 × 10−7 and 4.48 × 10−7 to 
1.03 × 10−7 if � increases from 5 to 6, � increases from 8 to 10, � increases from 3 to 6 
and � increases from 3 to 6 respectively.

Figure 4 shows the variation of AoF with respect to � over � − � − �∕Inverse Gamma 
and � − � − �∕Inverse Gamma channels with various channel parameters. From Fig. 4, it 
can be easily seen that for � − � − �∕Inverse Gamma channel, AoF increases if � increases 
whereas it decreases if � , � and � increases. For � − � − �∕Inverse Gamma channel, 
ABER decreases with increase in all the channel parameters. For example with � = 11 AoF 
over � − � − �∕Inverse Gamma decreases from 0.6755 to 0.2889 if � increases from 3 to 
4. It increases from 0.2889 to 0.2925 if � increases from 3 to 6. It again decreases from 
0.2925 to 0.1050 if � increases from 2 to 4. Similarly with � = 11 AoF over � − � − �∕

Inverse Gamma decreases from 0.1517 to 0.0971, 0.0971 to 0.0967 and 0.0967 to 0.0356 if 
� increases from 5 to 6, � increases from 8 to 10, and � increases from 2 to 4 respectively.

Table  2 shows the variation of channel capacity per unit bandwidth with respect to 
Average SNR over � − � − �∕Inverse Gamma and � − � − �∕Inverse Gamma chan-
nels with various channel parameters. From Table  2, it can be easily seen that for 
� − � − �∕Inverse Gamma channel, channel capacity decreases if � increases whereas it 
increases if � , � and c increases. For � − � − �∕Inverse Gamma channel, channel capac-
ity increases with increase in all the channel parameters. For example at 8 dB Average 
SNR over � − � − �∕Inverse Gamma channel, channel capacity increases from 2.4838 to 
2.5695 if � increases from 3 to 4. It decreases from 2.5695 to 2.5581 if � increases from 
3 to 6. It again increases from 2.5581 to 2.5916 if � increases from 3 to 6 and 2.5916 to 
2.7430 if � increases from 2 to 4. Similarly at 8 dB Average SNR over � − � − �∕Inverse 
Gamma channel, channel capacity increases from 2.6551 to 2.6888, 2.6888 to 2.6913, 

Fig. 4   AoF over � − � − �∕Inverse Gamma and � − � − �∕Inverse Gamma shadowed fading channels with 
respect to � for various parameters
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2.6913 to 2.6956 and 2.6956 to 2.8002 if � increases from 5 to 6, � increases from 8 to 10, 
� increases from 3 to 6 and � increases from 2 to 4 respectively.

Table 2   Capacity over � − � − �∕Inverse Gamma and � − � − �∕Inverse Gamma channels with various 
channel parameters

Channel parameters 0 dB 2 dB 4 dB 6 dB 8 dB 10 dB

� − � − �∕Inverse Gamma
� = [3, 3, 3, 2] 0.8339 1.1467 1.5292 1.9778 2.4838 3.0363
� = [4, 3, 3, 2] 0.8601 1.1866 1.5848 2.0491 2.5695 3.1339
� = [4, 6, 3, 2] 0.8554 1.1802 1.5766 2.0392 2.5581 3.1213
� = [4, 6, 6, 2] 0.8694 1.1991 1.6007 2.0684 2.5916 3.1584
� = [4, 6, 6, 4] 0.9410 1.2925 1.7159 2.2033 2.7430 3.3223
� − � − �∕Inverse Gamma
� = [5, 8, 3, 2] 0.8942 1.2336 1.6457 2.1233 2.6551 3.2286
� = [6, 8, 3, 2] 0.9082 1.2528 1.6702 2.1528 2.6888 3.2656
� = [6, 10, 3, 2] 0.9094 1.2543 1.6721 2.1550 2.6913 3.2683
� = [6, 10, 6, 2] 0.9113 1.2569 1.6753 2.1588 2.6956 3.2730
� = [6, 10, 6, 4] 0.9646 1.3249 1.7575 2.2534 2.8002 3.3850

Fig. 5   S2S-ABER for multi-hop wireless communication system over � − � − �/Inverse Gamma 
and � − � − �/Inverse Gamma Composite Channels with typical parameter sets � = [3, 3, 6, 3] and 
� = [3, 8, 6, 3] respectively
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5.2 � Analysis Over Multi‑hop Communication

Figure 5 shows S2S-ABER for multi-hop wireless communication system over � − � − �

/Inverse Gamma and � − � − �/Inverse Gamma composite channels with typical param-
eter sets � = [3, 3, 6, 3] and � = [3, 8, 6, 3] respectively. From the figure, it is evident that 
for both the channels, to achieve a specific S2S-ABER, if number of hops increases, 
required Average SNR also increases. For example in � − � − �/Inverse Gamma com-
posite channel, to achieve S2S-ABER of 10−5 , there is an increment of approximately 
1.3 dB Average SNR is required, i.e., from 13.4 to 14.7 dB, if number of hops increased 
from 2 to 20. Similarly for � − � − �/Inverse Gamma composite channel, the required 
increment in Average SNR is approximately 3.1 dB i.e., from 12.8 to 14.1 dB, to achieve 
S2S-ABER of 10−5 , if number of hops increased from 2 to 20.

Figure 6 shows S2S-ABER for multi-hop network with independent but two different 
types of distribution links i.e, D1 and D2 respectively. It was assumed that Average BER 
performance over D2 distributed links are better than Average BER performance over D1 
distributed links. Therefore with our typical case D1 is assumed to be � − � − �/Inverse 
Gamma composite channel and D2 is assumed to be � − � − �/Inverse Gamma com-
posite channel with parameter � = [3, 3, 6, 3] and � = [3, 8, 6, 3] respectively. Graphs of 
S2S-ABER has been plotted by fixing total number of hops L = 20 and varying number 
of links of distribution D1 from � = 2 to � = 15 . It is evident from the figure that S2S-
ABER increases as � increases. For example, it increases from approximately 2.1 × 10−4 
to 2.9 × 10−4 as � increases from 2 to 15 at 13 dB Average SNR.

Fig. 6   S2S-ABER with respect to Average SNR for inidd multi-hop communication network with L = 20 
Hops and � varies from 2 to 15



2328	 A. Goswami, A. Kumar 

1 3

5.3 � Performance Over IEEE 802.15.4 Zigbee and IEEE 802.15.1 Bluetooth Radios

Figure 7 shows Average BER ( L = 1 ) and S2S-ABER ( L = 10, 20 ) for iid multi-hop Zig-
bee radio over � − � − �/Inverse Gamma and � − � − �/Inverse Gamma composite chan-
nels with typical parameter sets � = [3, 3, 6, 3] and � = [3, 8, 6, 3] respectively. From the 
figure, it is evident that for both the channels, to achieve a specific S2S-ABER, if number 
of hops increases, required Average SNR also increases. For example in � − � − �/Inverse 
Gamma channel, at 5 dB average SNR, S2S-ABER increases from 1.2 × 10−5 to 2.4 × 10−4 
if number of hops increased from 1 to 20. Similarly for � − � − �/Inverse Gamma chan-
nel, at 5 dB average SNR, S2S-ABER increases from 2.8 × 10−6 to 6.5 × 10−5 if number of 
hops increased from 1 to 20.

Figure 8 shows S2S-ABER for multi-hop Zigbee radio with independent but two dif-
ferent types of distribution links i.e, D1 and D2 respectively. It was assumed that Aver-
age BER performance over D2 distributed links are better than Average BER performance 
over D1 distributed links. Therefore with our typical case D1 is assumed to be � − � − �

/Inverse Gamma composite channel and D2 is assumed to be � − � − �/Inverse Gamma 
composite channel with parameter � = [3, 3, 6, 3] and � = [3, 8, 6, 3] respectively. Graphs 
of S2S-ABER has been plotted by fixing total number of hops L = 20 and varying number 
of links of distribution D1 from � = 2 to � = 15 . It is evident from the figure that S2S-
ABER increases as � increases. For example, it increases from approximately 1.6 × 10−4 to 
2.8 × 10−4 as � increases from 2 to 15 at 5 dB Average SNR.

Figure 9 shows Average BER ( L = 1 ) and S2S-ABER ( L = 10, 20 ) for multi-hop IEEE 
802.15.1 bluetooth radio over � − � − �/Inverse Gamma and � − � − �/Inverse Gamma 
composite channels with typical parameter sets � = [3, 3, 6, 3] and � = [3, 8, 6, 3] respec-
tively. From the figure, it is evident that for both the channels, at a typical average SNR, 

Fig. 7   Average BER ( L = 1 ) and S2S-ABER ( L = 10, 20 ) for multi-hop IEEE 802.15.4 zigbee radio 
over � − � − �/Inverse Gamma and � − � − �/Inverse Gamma Channels with typical parameter sets 
� = [3, 3, 6, 3] and � = [3, 8, 6, 3] respectively
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Fig. 8   S2S-ABER with respect to Average SNR for inidd multi-hop WSN with L = 20 Hops and � varies 
from 2 to 15

Fig. 9   Average BER ( L = 1 ) and S2S-ABER ( L = 10, 20 ) for multi-hop IEEE 802.15.1 bluetooth radio 
over � − � − �/Inverse Gamma and � − � − �/Inverse Gamma Channels with typical parameter sets 
� = [3, 3, 6, 3] and � = [3, 8, 6, 3] respectively
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S2S-ABER increases if number of hops increases. For example in � − � − �/Inverse 
Gamma channel, at 14 dB average SNR, S2S-ABER increases from 6.5 × 10−4 to 
1.3 × 10−2 , if number of hops increased from 1 to 20. Similarly for � − � − �/Inverse 
Gamma channel, S2S-ABER increases from 6.2 × 10−5 to 1.3 × 10−3 , if number of hops 
increased from 1 to 20.

Figure 10 shows S2S-ABER for multi-hop bluetooth network with independent but two 
different types of distribution links i.e, D1 and D2 respectively. With our typical case D1 
is assumed to be � − � − �/Inverse Gamma channel and D2 is assumed to be � − � − �

/Inverse Gamma composite channel with parameter � = [3, 3, 6, 3] and � = [3, 8, 6, 3] 
respectively. Graphs of S2S-ABER has been plotted by fixing total number of hops L = 20 
and varying number of links of distribution D1 from � = 2 to � = 15 . It is evident from the 
figure that S2S-ABER increases as � increases. For example, it increases from approxi-
mately 2.4 × 10−5 to 4.6 × 10−5 as � increases from 2 to 15 at 18 dB Average SNR.

6 � Conclusion

This paper derives the expressions of pdfs, tth-moments and MGFs of instantaneous SNR 
for two new proposed � − � − �/Inverse Gamma and � − � − �/Inverse Gamma shadowed 
fading channels. AoF, Channel Capacity per unit bandwidth and Average BER for wireless 
communication Systems over these channels have also been determined. The variation in 
the performance matrices with respect to change in various channel parameters have been 
plotted and discussed. Moreover, to judge the performance of multi-hop communication 
systems Source to Sink Average BER has been determined. Obtained statistics has also 

Fig. 10   S2S-ABER with respect to Average SNR for inidd multi-hop Bluetooth communication network 
with L = 20 Hops and � varies from 2 to 15
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been analyzed to judge the performance of IEEE 802.15.4 zigbee and IEEE 802.15.1 blue-
tooth radios over stated channels. Monte Carlo Simulations have also been performed to 
validate the derived expressions. However expressions derived in this paper can also be 
derived through other ways to get closed form expressions but closed form expressions are 
quite complex to compute due to presence of complex mathematical operations/functions 
and is an open future scope.

Acknowledgements  This publication is an outcome of the R&D work undertaken project under the Vis-
vesvaraya Ph.D. Scheme of Ministry of Electronics & Information Technology, Government of India, being 
implemented by Digital India Corporation.

Funding  There is no funding. This publication is an outcome of the R&D work undertaken project under 
the Visvesvaraya Ph.D. Scheme of Ministry of Electronics & Information Technology, Government of India, 
being implemented by Digital India Corporation.

Data Availability  There is no associated data for his manuscript.

Code Availability  The Code will be made available on reasonable request.

Declarations 

Conflict of interest  Authors have no conflict of interest.

References

	 1.	 Abdi, A., & Kaveh, M. (1998). K distribution: An appropriate substitute for Rayleigh-lognormal distri-
bution in fading-shadowing wireless channels. Electronics Letters, 34(9), 851–852. https://​doi.​org/​10.​
1049/​el:​19980​625.

	 2.	 Ai, Y., Kong, L., & Cheffena, M. (2019). Secrecy outage analysis of double shadowed Rician channels. 
Electronics Letters, 55(13), 765–767.

	 3.	 Al-Hmood, H. (2017). A mixture gamma distribution based performance analysis of switch and stay 
combining scheme over � − � − � shadowed fading channels. In 2017 Annual conference on new 
trends in information communications technology applications (NTICT), pp. 292–297. https://​doi.​org/​
10.​1109/​NTICT.​2017.​79760​96.

	 4.	 Al-Hmood, H., & Al-Raweshidy, H. (2016). Unified modeling of composite kappa − mu/gamma, 
eta − mu/gamma, and alpha − mu/gamma fading channels using a mixture gamma distribution with 
applications to energy detection. IEEE Antennas and Wireless Propagation Letters, PP(99):1–1. 
https://​doi.​org/​10.​1109/​LAWP.​2016.​25584​55.

	 5.	 Atapattu, S., Tellambura, C., & Jiang, H. (2010). Representation of composite fading and shadowing 
distributions by using mixtures of gamma distributions. In 2010 IEEE wireless communication and 
networking conference, pp. 1–5. https://​doi.​org/​10.​1109/​WCNC.​2010.​55061​73.

	 6.	 Badarneh, O. S., & Aloqlah, M. S. (2016). Performance analysis of digital communication systems 
over �−�−� fading channels. IEEE Transactions on Vehicular Technology, 65(10), 7972–7981. https://​
doi.​org/​10.​1109/​TVT.​2015.​25043​81.

	 7.	 Dey, I., Messier, G. G., & Magierowski, S. (2014). Joint fading and shadowing model for large office 
indoor Wlan environments. IEEE Transactions on Antennas and Propagation, 62(4), 2209–2222. 
https://​doi.​org/​10.​1109/​TAP.​2014.​22998​18.

	 8.	 Fraidenraich, G., & Yacoub, M. D. (2006). The � − � − � and � − � − � fading distributions. In 2006 
IEEE ninth international symposium on spread spectrum techniques and applications, pp. 16–20. 
https://​doi.​org/​10.​1109/​ISSSTA.​2006.​311725.

	 9.	 Goldsmith, A. (2005). Wireless communications. Cambridge University Press. https://​doi.​org/​10.​1017/​
CBO97​80511​841224.

	10.	 Gradshteyn, I., & Ryzhik, I. (2007). Table of integrals, series, and products. Table of Integrals, Series, 
and Products Series. Elsevier Science.

https://doi.org/10.1049/el:19980625
https://doi.org/10.1049/el:19980625
https://doi.org/10.1109/NTICT.2017.7976096
https://doi.org/10.1109/NTICT.2017.7976096
https://doi.org/10.1109/LAWP.2016.2558455
https://doi.org/10.1109/WCNC.2010.5506173
https://doi.org/10.1109/TVT.2015.2504381
https://doi.org/10.1109/TVT.2015.2504381
https://doi.org/10.1109/TAP.2014.2299818
https://doi.org/10.1109/ISSSTA.2006.311725
https://doi.org/10.1017/CBO9780511841224
https://doi.org/10.1017/CBO9780511841224


2332	 A. Goswami, A. Kumar 

1 3

	11.	 IEEE. (2006). IEEE standard for information technology-local and metropolitan area networks-specific 
requirements-part 15.4: Wireless Medium Access Control (MAC) and Physical Layer (PHY) Specifi-
cations for Low Rate Wireless Personal Area Networks (WPANs). IEEE Std 802.15.4-2006 (Revision 
of IEEE Std 802.15.4-2003).

	12.	 Laourine, A., Alouini, M. S., Affes, S., & Stephenne, A. (2009). On the performance analysis of com-
posite multipath/shadowing channels using the g-distribution. IEEE Transactions on Communications, 
57(4), 1162–1170. https://​doi.​org/​10.​1109/​TCOMM.​2009.​04.​070258.

	13.	 Marković, A., Perić, Z., & sić, D. D., Smilić, M., & Jaksić, B. (2015). Level crossing rate of macro-
diversity system over composite gamma shadowed alpha-kappa-mu multipath fading channel. Facta 
Universitatis, Series: Automatic Control and Robotics,14(2), 99–109.

	14.	 Morgado, E., Mora-Jimenez, I., Vinagre, J., Ramos, J., & Caamano, A. (2010). End-to-end average ber 
in multihop wireless networks over fading channels. Wireless Communications, IEEE Transactions on, 
9(8), 2478–2487. https://​doi.​org/​10.​1109/​TWC.​2010.​070710.​090240.

	15.	 Paris, J. F. (2014). Statistical characterization of �−� shadowed fading. IEEE Transactions on Vehicu-
lar Technology, 63(2), 518–526. https://​doi.​org/​10.​1109/​TVT.​2013.​22812​13.

	16.	 Prudnikov, A., Brychkov, Y., & Marichev, O. (1992). Integrals and series—special functions (Vol. 2). 
Gordon and Breach Science Publishers.

	17.	 Ramirez-Espinosa, P., & Lopez-Martinez, F. J. (2019). On the utility of the inverse gamma distribution 
in modeling composite fading channels. In 2019 IEEE global communications conference (GLOBE-
COM), pp. 1–6. https://​doi.​org/​10.​1109/​GLOBE​COM38​437.​2019.​90139​59.

	18.	 Shankar, P. M. (2012). A Nakagami-n-gamma model for shadowed fading channels. Wireless Personal 
Communications, 64(4), 665–680. https://​doi.​org/​10.​1007/​s11277-​010-​0211-5.

	19.	 Simmons, N., da Silva, C. R. N., Cotton, S. L., Sofotasios, P. C., & Yacoub, M. D. (2019). Double 
shadowing the Rician fading model. IEEE Wireless Communications Letters, 8(2), 344–347. https://​
doi.​org/​10.​1109/​LWC.​2018.​28716​77.

	20.	 Sofotasios, P. C., & Freear, S. (2011a). The � − � − �∕gamma distribution: A generalized non-linear 
multipath/shadowing fading model. In 2011 Annual IEEE India conference, pp. 1–6. https://​doi.​org/​10.​
1109/​INDCON.​2011.​61394​42.

	21.	 Sofotasios, P. C., & Freear, S. (2011b). On the � − �/gamma composite distribution: A generalized 
multipath/shadowing fading model. In 2011 SBMO/IEEE MTT-S international microwave and opto-
electronics conference (IMOC 2011), pp. 390–394. https://​doi.​org/​10.​1109/​IMOC.​2011.​61693​98.

	22.	 Sofotasios, P. C., & Freear, S. (2015). A generalized non-linear composite fading model. CoRR. arXiv:​
abs/​1505.​03779.

	23.	 Sofotasios, P. C., Tsiftsis, T. A., Ghogho, M., Wilhelmsson, L. R., & Valkama, M. (2013). The � − �/ig 
distribution: A novel physical multipath/shadowing fading model. In 2013 IEEE international confer-
ence on communications (ICC), pp. 5715–5719. https://​doi.​org/​10.​1109/​ICC.​2013.​66555​06.

	24.	 Stamenović, G., Panić, S. R., Rančić, D., & Stefanović, Č. (2014). Performance analysis of wire-
less communication system in general fading environment subjected to shadowing and interference. 
EURASIP Journal on Wireless Communications and Networking, 1, 124. https://​doi.​org/​10.​1186/​
1687-​1499-​2014-​124.

	25.	 Stüber, G. (2011). Principles of mobile communication. Springer.
	26.	 Yoo, S. K., Cotton, S. L., Sofotasios, P. C., Matthaiou, M., Valkama, M., & Karagiannidis, G. K. 

(2015a). The � − � / inverse gamma fading model. In 2015 IEEE 26th annual international sympo-
sium on personal, indoor, and mobile radio communications (PIMRC), pp. 425–429. https://​doi.​org/​
10.​1109/​PIMRC.​2015.​73433​36.

	27.	 Yoo, S. K., Sofotasios, P. C., Cotton, S. L., Matthaiou, M., Valkama, M., & Karagiannidis, G. K. 
(2015b). The � − � / inverse gamma composite fading model. In 2015 IEEE 26th Annual International 
Symposium on Personal, Indoor, and Mobile Radio Communications (PIMRC), pp. 166–170. https://​
doi.​org/​10.​1109/​PIMRC.​2015.​73432​88.

	28.	 Yoo, S. K., Cotton, S. L., Sofotasios, P. C., & Freear, S. (2016). Shadowed fading in indoor off-body 
communication channels: A statistical characterization using the �-� /gamma composite fading model. 
IEEE Transactions on Wireless Communications, 15(8), 5231–5244. https://​doi.​org/​10.​1109/​TWC.​
2016.​25557​95.

	29.	 Yoo, S. K., Bhargav, N., Cotton, S. L., Sofotasios, P. C., Matthaiou, M., Valkama, M., & Karagian-
nidis, G. K. (2018). The �-�/inverse gamma and �-�/inverse gamma composite fading models: Funda-
mental statistics and empirical validation. IEEE Transactions on Communications, pp. 1–1. https://​doi.​
org/​10.​1109/​TCOMM.​2017.​27801​10.

	30.	 Yoo, S. K., Cotton, S. L., Zhang, L., & Sofotasios, P. C. (2019). The inverse gamma distribution: A 
new shadowing model. In 2019 8th Asia-Pacific conference on antennas and propagation (APCAP), 
pp. 475–476. https://​doi.​org/​10.​1109/​APCAP​47827.​2019.​94720​51.

https://doi.org/10.1109/TCOMM.2009.04.070258
https://doi.org/10.1109/TWC.2010.070710.090240
https://doi.org/10.1109/TVT.2013.2281213
https://doi.org/10.1109/GLOBECOM38437.2019.9013959
https://doi.org/10.1007/s11277-010-0211-5
https://doi.org/10.1109/LWC.2018.2871677
https://doi.org/10.1109/LWC.2018.2871677
https://doi.org/10.1109/INDCON.2011.6139442
https://doi.org/10.1109/INDCON.2011.6139442
https://doi.org/10.1109/IMOC.2011.6169398
http://arxiv.org/abs/1505.03779
http://arxiv.org/abs/1505.03779
https://doi.org/10.1109/ICC.2013.6655506
https://doi.org/10.1186/1687-1499-2014-124
https://doi.org/10.1186/1687-1499-2014-124
https://doi.org/10.1109/PIMRC.2015.7343336
https://doi.org/10.1109/PIMRC.2015.7343336
https://doi.org/10.1109/PIMRC.2015.7343288
https://doi.org/10.1109/PIMRC.2015.7343288
https://doi.org/10.1109/TWC.2016.2555795
https://doi.org/10.1109/TWC.2016.2555795
https://doi.org/10.1109/TCOMM.2017.2780110
https://doi.org/10.1109/TCOMM.2017.2780110
https://doi.org/10.1109/APCAP47827.2019.9472051


2333Statistical Characterization and Performance Evaluation…

1 3

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Ashish Goswami  was born in 1982 in India. He received M.Tech 
degree in Communication Systems and Networks and Ph.D. in the area 
of Wireless Communications from National Institute of Technology, 
Hamirpur India in 2011 and 2021 respectively. He has more than three 
years of experience in teaching. His research interests are in digital and 
wireless communication systems.

Ashok Kumar  pursued Bachelor in Engineering from Ramtek Nagpur 
University, Maharashtra (India) and Master in Engineering from Pun-
jab Engineering College, Chandigarh, India. He obtained Ph.D. from 
National Institute of Technology, Hamirpur, Himachal Pradesh (India) 
and currently working as Associate Professor in Department of Elec-
tronics and Communication Engineering, National Institute of Tech-
nology, Hamirpur, Himachal Pradesh (India) since 1996. He is a mem-
ber of IEEE since 2014. He has published more than 50 research 
papers in reputed international journals and conferences including 
IEEE and it’s also available online. His main research work focuses on 
Wireless Communications, Wireless Sensor Network, Localization, 
Energy Effcient Protocols, etc. He has 22 years of teaching experience 
and 10 years of Research Experience.


	Statistical Characterization and Performance Evaluation of Inverse Gamma and Inverse Gamma Channels
	Abstract
	1 Introduction
	2 The Inverse Gamma Shadowed Fading Channel
	3 The Inverse Gamma Shadowed Fading Channel
	4 Performance Measures in Wireless Communication Systems
	4.1 AoF
	4.2 ASER
	4.3 Average Channel Capacity
	4.4 S2S-ABER
	4.5 Application in IEEE 802.15.4 Zigbee and IEEE 802.15.1 Bluetooth Radios

	5 Results and Discussion
	5.1 Analysis Over Single-Hop Communication
	5.2 Analysis Over Multi-hop Communication
	5.3 Performance Over IEEE 802.15.4 Zigbee and IEEE 802.15.1 Bluetooth Radios

	6 Conclusion
	Acknowledgements 
	References




