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Analytical approach to model the fade depth and 

the fade margin in UWB channels 
 

 

 Abstract- In this letter, the variations of the ultra-wideband (UWB) channel 

power as a function of the channel bandwidth are investigated. An analytical 

approach to characterize the fade depth and the fade margin due to small-scale 

fading in indoor environments is proposed. The approach is based on the IEEE 

802.15.4a ultra-wideband channel model and the assumption that the channel power 

can be modeled by a Gamma distribution. This analytical approach is checked by 

comparison with results derived through Monte Carlo simulations. The results show 

that the fade depth and the fade margin are closely related to the channel 

bandwidth. This analytical approach can be used to design and implement UWB 

communications systems. 

Keywords- fade depth, fade margin, Nakagami-m fading, UWB channel power. 

 

I. INTRODUCTION 

 Over recent years, ultra-wideband (UWB) communications systems have generated 

much interest as a consequence of the Federal Communications Commission (FCC) 

assent the 3.1 GHz to 10.6 GHz frequency range for commercial applications in 2002 

[1]. Multipath fading resistance and high data rate transmission capacity, being the 

main characteristics of the UWB technology [2], render such UWB technology an 

excellent candidate for many indoor and short-range applications as compared to 

other wireless technologies. Applications of UWB can be found in high data rate 

wireless personal area networks (HDR-WPAN), positioning, location and home 

network communications related to multimedia applications [3]. 

 The development of UWB communications systems requires a proper channel 

power characterization related to the propagation environment. Given the wideband 

nature of the UWB signal (a bandwidth of 7.5 GHz), it is of paramount importance 

to characterize the channel power variations in terms of the channel bandwidth in 

order to evaluate the performance of UWB applications.  
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 It is well known that in wireless channels the multipath propagation causes 

destructive signal interference leading to small-scale fading. In an unresolved 

multipath components (MPCs) channel, the received signal can suffer severe fading 

increasing the system outage probability and degrading its performance [4]. In view of 

the fact that multipath propagation can produce received signal fade, it is necessary 

to provide additional power in the link budget to enhance the system quality. This 

additional power is known as fade margin [5]. Other parameter to understand the 

small-scale fading concept is the fade depth that is referred to the received signal 

power variations about its local mean [6].  

 In order to have a complete description of the link budget and to define accurately 

the receiver sensitivity, a proper characterization of the channel power behavior is 

necessary. In this sense, the fade depth, the fade margin and the average power are 

important parameters to obtain an adequate description of the link budget, because 

they condition the final outage probability, and their knowledge is very useful to the 

radio network planning [4]. It is well known that the fade depth and the fade margin 

depend on the channel bandwidth, the transmitted-received distance [7], and the 

small-scale fading conditions. Therefore, their dependence is closely related to the 

environment where the propagation occurs.  

 Due to the importance of these parameters in the radio network planning, they 

have been extensively analyzed in the literature, especially in narrowband channels. 

In [5], the fade depth and fade margin are evaluated for a Rician channel as a 

function of the equivalent received bandwidth, showing that the fade margin 

variation is related to the channel bandwidth and that it falls monotonically when 

the channel bandwidth increases. In [6], the dependence of the received signal level 

distribution on the channel bandwidth is studied by computer simulations, showing 

that the fade depth has a strong dependence on the equivalent channel bandwidth. In 

[8], a relationship between the fade depth and the channel bandwidth is derived from 

a measurements campaign carried out in an indoor scenario. Therefore, the study of 

the average signal level, the fade depth and the fade margin in wideband transmission 

systems is a key issue for the development of wireless systems. 

 Since UWB systems employ a bandwidth higher than 500 MHz [1], an adequate 

characterization of the channel power variations is necessary to deploy such systems. 

In this letter, we propose as a novel contribution an analytical approach to derive the 
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fade depth and fade margin under the assumption that the received power is Gamma 

distributed. In our investigation, we have considered the IEEE 802.15.4a UWB 

channel model developed for indoor and outdoor environments in low data rate 

WPAN applications [9], where the wireless channel is assumed quasi-static during the 

symbol transmission [10]. We have checked the results derived from the analytical 

approach with Monte Carlo simulation results for several environments described in 

the UWB IEEE 802.15.4a channel model.  

 The letter is organized as follows: an introduction to the IEEE 802.15.4a UWB 

channel model is described in Section II. An analytical approach for the evaluation of 

the fade depth and the fade margin is investigated for different environments in 

Section III. Finally, conclusions are given in Section IV.  

II. IEEE 802.15.4a UWB CHANNEL MODEL 

 In our analysis, we have considered the UWB channel model specified by the IEEE 

802.15.4a Task Group (TG4a) [9]. This channel model is a modified version of the 

Saleh-Valenzuela (SV) model for indoor environments [11]. The channel impulse 

response (CIR) of the discrete multipath channel, denoted by h(t), is expressed in 

agreement with [9] as 

( ),

,
1 1

,( )
c r

k l

L L

k l l
l k

j
k lh e Tjat d t t

= =

-= -åå ,        (1) 

where l and k represent the cluster and ray indexes within the lth cluster, 

respectively; ak,l and ,k lj  correspond to the multipath gain coefficient and phases of 

the kth ray in the lth cluster, respectively; Tl is the arrival time of the lth cluster; and 

tk,l is the arrival time (in relation to Tl) of the kth ray in the lth cluster.  

 The cluster arrival time and the ray arrival time within each cluster are modeled 

as a Poisson distribution with arrival rates L and l, respectively, with l > L. The 

MPCs amplitudes, ak,l, follow a Nakagami-m distribution and they are mutually 

independent random variables (RVs). The phase terms ,k lj  are uniformly distributed 

between 0 and 2p.  

In the channel model, the number of clusters, Lc, is a Poisson distributed RV with 

probability density function (PDF) given by [9]  

( )
( ) ( )exp

!

c

c

L

c
L c c

c

L
p L L

L
= - ,             (2) 
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where cL  is the mean number of clusters. According to this model, the statistics of 

the cluster inter-arrival times are described by a negative exponential RV whose PDF 

can be written as [9] 

( ) ( )1 1exp , 0T l l l lp T T T T l- -
é ù= L -L - >ë û .       (3) 

Due to the discrepancy in the fitting for indoor residential, and indoor and outdoor 

office environments [9], the TG4a proposes to model the ray arrival times with 

mixtures of two Poisson processes, as follows 

( )( ) ( )( ) ( ) ( )( ), 1 1 , 2 2 ,1 , 1 , 1 ,
exp 1 exp ,

k l k l k lk l k l k l
pt t t bl l t t b l l t t

- - -

é ù é ù= - - + - - -ê ú ê ú
ë û ë û

   (4) 

where b is the mixture probability, and l1 and l2 are the ray arrival rates of both 

Poisson processes. Then, the power delay profile (PDP) is exponentially distributed 

within each cluster and the power of each MPC can be calculated as  

( )[ ] ( )2
, , ,

1 2

1
exp ,

1 1k l k l l k l l
l

E a t g
g b l bl

é ù= = W -ë û - + +
W     (5) 

where Wl is the mean power of the lth cluster, E[⋅] denotes expectation, and gl is the 

intra-cluster decay time constant. The mean power of the lth cluster, denoted by lW , 

follows an exponential decay, and in agreement with [9], Wl can be calculated as   

( ) ( )10 log 10 log exp ,l
l cluster

T Mh
é ùW = - +ê ú
ë û

        (6) 

where Mcluster is a Gaussian distributed RV with standard deviation scluster. The 

parameter gl, depends linearly on the cluster inter-arrival time and it can be 

expressed as gl = kΤl + g0, being k and g0 the parameters of the model. The channel 

multipath gain amplitudes, ,k la , are modeled as a Nakagami-m distribution with PDF 

given by [12] 

( ) ( )

,

,

,

2 1, , 2
, , , ,

, ,,

2
exp ,   0.5

k l

k l

k l

m

mk l k l
a k l k l k l k l

k l k lk l

m m
a a a m

m
p -

æ ö æ ö÷ ÷ç ç÷ ÷ç ç= - ³÷ ÷ç ç÷ ÷÷ ÷ç çW WG è ø è ø
,    (7) 

where mk,l is the fading parameter of the kth path inside the lth cluster; Γ(⋅) is the 

Gamma function; and Wk,l is the mean power of the kth path within the lth cluster 

given by (5). The mk,l parameter is modeled as a lognormal distributed RV, whose 

logarithm has a mean mm and standard deviation sm, given by [9] 

( ) ( )
0 ,m mm km t t= -              (8) 
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( ) ( )
0

ˆˆ ,m mm ks t t= -              (9) 

where 0 0ˆ, ,mm k m  and m̂k  are parameters of the model. The CIR of the UWB channel 

can be related to its channel transfer function (CTF) through the Fourier transform 

(FT). The FT of the CIR given by (1), and denoted by H(f), can be calculated as 

( )( ), , ,
1 1

( ) exp 2
c rL L

k l l k l k l
l k

H f j f Ta p t j
= =

é ù= - + -ê úë ûåå .      (10) 

 From the Parseval relation [13], the UWB channel power inside the channel 

bandwidth 2 1f f fD = - , denoted by YDf, is calculated in the frequency domain as 

( )
2

1

2f

f
f

H f dfDY = ò ,           (11) 

where |H(f)| is the magnitude of the CTF, and f1 and f2 are the lower and upper 

frequencies, respectively.  

III. ANALYTICAL APPROACH OF THE POWER DISTRIBUTION, THE FADE DEPTH AND 

THE FADE MARGIN 

 In this section, we propose an analytical approach to evaluate the power 

distribution, the fade depth and the fade margin as a function of the channel 

bandwidth. This approach is based on the IEEE 802.15.4a channel model described 

previously. Asymptotic values for the fade depth and the fade margin are derived and 

compared with simulation results for indoor residential and outdoor environments in 

both line-of-sight (LOS) and non-line-of-sight (NLOS) conditions. 

Simulation results have been performed using the Monte Carlo (MC) method. For 

each environment considered, 1000 realizations of a small local area have been 

simulated, modeling the number of clusters, rays, cluster arrival and ray arrival 

times. The small local area corresponds to a small region around the receiver, in 

which the number of clusters and rays are constant, and only the phase and 

amplitude of rays change for short displacements. Then, for each realization, 60000 

simulations of the MPCs phase and amplitude have been performed to model the 

power channel variations. 

A. Channel power: We have assumed total independence between a pair of MPCs 

amplitude coefficients, in accordance with [14], [15], where the correlation coefficients 

between the amplitude of two MPCs measured remains below 0.2 [14], and 0.35 [15]. 
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After some mathematical operations in (11), the UWB channel power inside the 

bandwidth Df(Hz), can be expressed as 

( ) ( ) ( ) ( )( )
{ }{ }

2 1

2
,

1 1

, , , ,
, ,

1 1 1 1 , ,
, ,

1
sin 2 sin 2

2

c r

c c r r

L L

f k l
l k

L L L L
k l m n k m k m

l n l n
l n k m l k l n m n

l k n m

f

f B f B
T T

a

a a
p p

p t t

D
= =

= = = =
¹

Y = D

+ -
+ - +

åå

å å å å
,  (12) 

where ( ) ( )( ) ( ),
, , , , ,
k m
l n l k l n m n k l m n

B T Tt t j j= + - + + -  and {l,k}¹{n,m} represents the 

condition of summation, l¹n OR k¹m.   

 A comparison of the channel power PDF between simulated data and the Gamma 

approximation calculated using (12) for an indoor residential environment is shown in 

Fig. 1. The PDFs curves plotted correspond to a single realization (one small local 

area) of the indoor residential environment with LOS condition for different channel 

bandwidths (Df = 2, 5, and 7 GHz). Other results that support the assumption that 

the Gamma distribution can be able to provide a good approximation to the channel 

power variations are shown in Fig. 2, where indoor residential and outdoor 

environments are considered in both LOS and NLOS conditions with a channel 

bandwidth equal to 1 GHz. It is worth to note that the results show a higher fading 

parameter in LOS compared to the NLOS condition for the same channel bandwidth 

and environment. The parameters used in the simulation results are summarized in 

Table I. The goodness-of-fit of the Gamma distribution to the simulated data in Fig. 

1 and 2 has been assessed through the Kolmogorov-Smirnov (KS) test for a 5 % 

significant degree [17].  

 The mean channel power for a channel bandwidth Df expressed in linear units can 

be calculated from (12) as 

2
, ,

1 1 1 1

c r c rL L L L

f f k l k l
l k l k

E f E faD D
= = = =

é ù é ùW = Y = D = D Wë û ë ûåå åå ,       (13) 

where Wk,l is the average power of each contribution calculated from (5). Now, we 

investigate the channel power dependence on the channel bandwidth, deriving an 

analytical expression for the fade depth and the fade margin.   

B. Fade depth: The fade depth, denoted by Fns, can be defined as a measure of the 

channel power variation due to the small-scale fading [8]. In a statistically sense, the 
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fade depth can be calculated as n times, n = 1, 2, 3,¼, the standard deviation, s, of 

the channel power variations expressed in logarithmic units. Due to each MPC 

amplitude, ak,l, is modeled as a Nakagami-m random variable and in accordance with 

the results show in Fig. 1 and 2, we have assumed that in a small local area around 

the receiver the channel power given by (12) can be modeled as a Gamma 

distribution. Under this assumption, the variance and the standard deviation of the 

channel power expressed in logarithmic units, FDf(dBm)= 10log(YDf(mW)), are given, 

respectively, by [12]  

( )
( )

2
10

var ´ ,
ln 10 fmyF D

é ù
ê ú= ê úë û

            (14) 

( )
( )10

´ ,
ln 10 fms yF D=             (15) 

where ( ) ( )[ ]( )
2

2
' lna a

a
y

¶
= G

¶
 is the trigamma function [18,(6.4.1)] and mΔf is the 

fading parameter of the channel power in a bandwidth Δf, defined as 

( )
( )

2

2
2

f

f

f f

E
m

E E

D

D

D D

é ùYê úë û=
é ù é ùY - Yê úê ú ë ûë û

           (16) 

Substituting (12) in (16) and after some mathematical operations, it yields 

( )
( ) ( )

{ }{ }

2

,
1 1

2
2 , , , ,

2 ,2
1 1 1 1 1 1, , ,

, ,

,
1

2

c r

c r c c r r

L L

k l
l k

f L L L L L L
k l k l m n k m

l n
l k l n k mk l l k l n m n

l k n m

f

m

f D
m T Tp t t

= =
D

= = = = = =
¹

æ ö÷çD W ÷ç ÷ç ÷è ø
=

W W W
D + ´

é ù+ - +ê úë û
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   (17) 

where ( ) ( ){ }, 2
, , ,

sink m
l n l k l n m n

D T T fp t té ù= + - + Dê úë û
; {l,k}¹{n,m} represents the condition 

of summation, l¹n OR k¹m; and the mk,l parameter is calculated using (8) and (9). 

Thus, the fade depth can be analytically calculated and approximated using [19] as  

( )
( )

( ) 2 3

10 10 1 1 1
'

ln 10 ln 10 2 6n f
f f f

n n
F m

m m ms y D
D D D

= » + + .    (18) 

The relative error of (18) series expansion is less than 6.6⋅10-3 for mDf ³ 1, which 

corresponds to the values used in simulations.  
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A comparison between the analytical approximation of the fade depth given by 

(18) and simulation results is shown in Fig. 3 for an indoor residential environment 

with NLOS condition. The channel parameters used in the simulation results are 

summarized in Table I. It can be observed that simulation and analytical results are 

very similar, which is in agreement with the assumption that the power in a channel 

bandwidth Df can be modeled by a Gamma distribution.  

The results also show that in channel bandwidths less than 1 MHz, the fade depth 

Fns is approximately constant (5.5 dB for n = 1), as corresponds to the behavior of a 

narrowband channel without frequency diversity gain. From Fig. 3 we can also 

observe that Fns converges asymptotically from approximately 2 GHz (0.8 dB for n = 

1). The floor level of the fade depth is a consequence of the amplitude variations of 

the MPCs for short displacements of the receiver within a small local area. The 

maximum error between simulation and analytical results is approximately 0.45 dB 

for n = 1, corresponding to Df = 8 MHz. 

 We can find asymptotic expressions for the fading parameter of the Gamma 

distribution as a function of the delay spread of the UWB channel. Let 

( ) ( ), ,l k l n m n
u T T fp t té ù= + - + Dê úë û

 be defined as the parameter of the approximation. 

Case 1. Low values of u. In this case, mDf is given by 

{ }{ }

2

,
1 1

2
,

, ,
1 1 1 1 1 1,

, ,

1

2

c r

c r c c r r

L L

k l
l k

f L L L L L L
k l

k l m n
l k l n k mk l

l k n m

m

m

= =
D

= = = = = =
¹

æ ö÷ç W ÷ç ÷ç ÷è ø
»

W
+ W W

åå

åå å å å å
         (19) 

In narrowband fading channels, it is possible to derive an asymptotic expression for 

the fade depth substituting fmD  given by (19) into (18). We can also obtain a high 

limit for a bandwidth Δf as a function of the root mean square (rms) delay spread, 

denoted by st. Using fmD  given by (19), the high limit of the channel bandwidth for 

the asymptotic value of the fade depth can be calculated from simulation results as  

( )
( )

0.106
GHz

ns
f

ts
D » ,                              (20) 

with a relative error less than 5 %. 

Case 2. High values of u. In this situation, mDf can be approximated as  
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2

,
1 1

2
,

1 1 ,

c r

c r

L L

k l
l k

f L L
k l

l k k l

m

m

= =
D

= =

æ ö÷ç W ÷ç ÷ç ÷è ø
»

W

åå

åå
.            (21) 

Note that (21) agrees with [12, (80)]. Then the fade depth can be calculated for high 

values of u substituting fmD  given by (21) into (18). The low limit of the channel 

bandwidth for the asymptotic wideband fade depth can be calculated from simulation 

results as  

( )
( )

185
GHz

ns
f

ts
D » ,                          (22) 

with a relative error less than 5 %. 

C. Fade margin: The fade margin can be defined as the difference in channel power 

corresponding to a probability P and the 50% of the cumulative distribution function 

(CDF) of the received channel power. The fade margin associated to a probability P, 

denoted by PFM , is related to the channel power by 

( ) ( ) ( ){ }Pr dBm dB dBmf P PP E FMD
é ù= F - £ Fë û ,         (23) 

being FDf(dBm) the channel power, expressed in dBm, calculated from (12) in a 

channel bandwidth Df, and FP(dBm) the channel power not exceeded with a 

probability P. The mean channel power can be calculated using (A.1)-(A.5) of the 

Appendix as 

( )
( )

( )10
dBm 10 log

ln 10
f

f f
f

m
E my D

D D
D

æ ö÷çé ù ÷çF = - ÷çë û ÷÷çWè ø
,         (24) 

where ( ) ( )( )lna a
a

y
¶ é ù= Gê úë û¶

 is the digamma function [18, (6.3.1)]. After some 

operations detailed in Section B of the Appendix, FP (dBm) is given by 

( ) ( )1dBm 10 log 10 log ,1f
P f

f

Q m P
m

D -
D

D

æ öW ÷ç é ù÷çF = + -÷ ê úç ë û÷÷çè ø
,       (25) 

where Q-1 is the inverse of the regularized incomplete gamma function [20]. 

Substituting (24) and (25) in (23), we can obtain a closed form expression of the fade 

margin for the UWB channel as 
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( )
( )

( ) ( )110
dB 10 log ,1

ln 10P f fFM m Q m Py -
D D

é ù= - -ê úë û ,       (26) 

where mDf is given by (17). Note that the fade margin is independent of the mean 

channel power WDf. For P approximating to 0, the regularized incomplete Gamma 

function Q-1 can be asymptotically extended according to [21]. Therefore, the fade 

margin given by (26) can be written as   

( )
( )
( ) ( )

( )
( ) ( )

( )
( ) ( )( )

32

20

4

3

10 3 5
dB 10 log

ln 10 1 2 1 2

8 33 31

3 1 2 3

f f

P P
f f f

f f

f f f

m m
FM

m m m

m m

m m m

y ww
w

w

D D


D D D

D D

D D D

ìï +ïï- + +íï + + +ïïî
üé ù ï+ + ïê úë û ï+ + ýï+ + + ïïþ





,  (27) 

where ( )
1

1 fm
fm Pw D

D
é ù= G +ê úë û . We have found that the error using (27) increases as mDf. 

For a relative error between the closed form expression given by (26) and the 

approximation given by (27) equal to 1 %, and for 6 terms of the summation, the 

maximum value of mDf is 9.9 for a probability P = 1 % and 15.6 for a probability P 

= 0.1 %. 

 Fig. 4 shows the fade margin FMp given by (26) for the indoor residential NLOS 

IEEE 802.15.4a channel model as a function of the channel bandwidth for three 

different probabilities: P = 5 %, 10 % and 20 %. Note that the fade margin in a 

channel bandwidth less than 1 MHz is approximately constant, and the difference 

between the Gamma approximation and the simulation for these bandwidth values is 

around 0.05 dB for P = 20 % , 0.05 dB for P = 10 %, and 0.25 dB for P = 5 %. 

Moreover, a maximum difference of 1 dB and 0.5 dB between the Gamma 

approximation and simulation results is found at Df = 8 MHz, for P = 5 % and P = 

10 %, respectively.  

 

IV.  CONCLUSIONS  

 Within this letter we investigate the variations of the received power as a function 

of the bandwidth channel, taking the IEEE 802.15.4a channel model as our point of 

reference. The results show that the channel power can be modeled by a Gamma 

distribution. Under the assumption that the channel power is Gamma distributed, an 

analytical approach to characterize the fade depth and the fade margin for indoor 
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and outdoor environments is proposed. Also, asymptotic expressions for the fading 

parameter of the Gamma distribution as a function of the channel rms delay spread 

are proposed and discussed. The performance of the analytical approach has been 

checked by comparison with simulation results considering different propagation 

conditions for indoor residential and outdoor environments. The results show that the 

fade depth is approximately constant for channel bandwidths below 1 MHz (just 

about 5.5 dB for n = 1), i.e, the fade depth is bandwidth independent for narrowband 

channels, and adopts an asymptotic convergence for channel bandwidths beyond 2 

GHz (just about 0.8 dB for n = 1). A similar behavior of the fade margin occurs in 

terms of the channel bandwidth. This analytical approach enables a proper 

evaluation of the link budget in terms of the bandwidth channel and it can be used to 

design and implement UWB communications systems. 

 

APPENDIX 

A. Mean of a Gamma random variable in logarithmic units 

Let YDf be a Gamma RV with f fED D
é ùW = Yë û  and ( )22 /f f f fm ED D D D

é ù= W Y - Wê úë û
. The 

PDF of YDf is given by  

( ) ( )
11
exp ,  0,  0.5

f

f

f

m

mf f f
f f f f

f ff

m m
f m

m

D

D

D

-D D D
Y D D D D

D DD

æ ö æ öY÷ ÷ç ç÷ ÷ç çY = Y - Y ³ ³÷ ÷ç ç÷ ÷÷ ÷ç çW WG è ø è ø
    (A.1) 

The PDF of 10 logf fD DF = Y  can be calculated as 

( ) ( )
exp ,  -

f

f

f

m

Kf f
f f f f

f ff

m mK
f Km e

m

D

D

D

FD D
F D D D D

D DD

æ ö æ ö÷ ÷ç ç÷ ÷ç çF = F - ¥ < F < ¥÷ ÷ç ç÷ ÷÷ ÷ç çW WG è ø è ø
    (A.2) 

where K = ln(10)/10. The mean value of fDF  is given by 

( )
exp

f

f

m

Kf f
f f f f f

f ff

m mK
E Km e d

m

D

D

¥
FD D

D D D D D
D DD -¥

æ ö æ ö÷ ÷ç çé ù ÷ ÷ç çF = F F - F÷ ÷ç çë û ÷ ÷÷ ÷ç çW WG è ø è ø
ò       (A.3) 

Using the transformation, ( )exp fu K D= F , we can evaluate the integral of (A.3) as 

( )
( )

1

0

1
ln exp

f

f

m

mf f
f

f ff

m m
E u u u du

K m

D

D

¥
-D D

D
D DD

æ ö æ ö÷ ÷ç çé ù ÷ ÷ç çF = -÷ ÷ç çë û ÷ ÷÷ ÷ç çW WG è ø è ø
ò .   (A.4) 

 We can solve integral (A.4) using [22, (4.352 1)] 
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( ) ( )
( )

( ) ( ) ( ) ( )1

0

exp ln ln ;  Re 0 OR Re 0x x x dxn
n

n
m y n m m n

m

¥
- G é ù- = - > >ë ûò .  (A.5) 

Therefore, substituting n = mDf and m = mDf /WDf in (A.5), the mean value of this 

Gamma RV distribution in logarithmic units can be expressed as (24).  

 

 

B. Percentile values of a Gamma distribution in logarithmic units 

The value not exceeded with a probability P of a Gamma RV in logarithmic units, 

FP, whose PDF is given by (A.2), can be expressed as { }Prob f PP D= F £ F . For 

convenience, we calculate this probability using the PDF of the corresponding 

Gamma distribution as 

{ } { } ( )

( )

( )

0

1

0

Prob Prob

1
exp

1
,

p

f

f p

f

f P f p f f

m

mf f f
f f

f ff

f
f p

ff

P f d

m m
d

m

m
m

m
g

D

D

D

Y

D D Y D D

Y
-D D D

D D
D DD

D
D

DD

= F £ F = Y £ Y = Y Y

æ ö æ öY÷ ÷ç ç÷ ÷ç ç= Y - Y÷ ÷ç ç÷ ÷÷ ÷ç çW WG è ø è ø

æ ö÷ç ÷ç= Y ÷ç ÷÷ç WG è ø

ò

ò ,       (A.6) 

where YDf is a Gamma RV whose PDF is given by (A.1), /1010 P
P

FY =  and 

( ) 1

0
,

z
t aa z e t dtg - -= ò  is the incomplete Gamma function [18, (6.5.2)].  If we define the 

regularized incomplete gamma function as ( ) ( ) ( ), , /Q a z a z a= G G , where 

( ) ( ) ( ) 1, , t a

z
a z a a z e t dtg

¥
- -G = G - = ò  [18, (6.5.3)], the inverse of the regularized 

incomplete Gamma function can be expressed as [20]  

( ) ( )1, ,s Q a z z Q a s-=  = .                                (A.7) 

According to (A.6) and substituting a = mDf, z = mDf⋅YP/WDf, and s = 1-P into 

(A.7), the value of Y not exceeded with a probability P, YP, is given by 

( )1 ,1f
P f

f

Q m P
m

D -
D

D

W
Y = - .           (A.8) 

Consequently, the value of FP not exceeded with a probability P can be written as 

(25). 
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FIGURE CAPTIONS 

 

Figure 1. Probability density function of the channel power, YDf, in the indoor residential 

IEEE 802.15.4a UWB channel model with LOS condition and several values of channel 

bandwidth, Df = 2, 5, and 7 GHz. 

 

Figure 2. Probability density function of the channel power, YDf, for indoor residential and 

outdoor environments with LOS and NLOS with a channel bandwidth Df = 1 GHz. 

 

Figure 3.  Fade depth, Fns, for the indoor residential IEEE 802.15.4a UWB channel model 

derived from the analytical approach and simulation results in NLOS condition.  

 

Figure 4. Fade margin, PFM , in the indoor residential IEEE 802.15.4a UWB channel model 

derived from the analytical approach and simulation results in NLOS condition. 

 

Table 1. IEEE 802.15.4a UWB channel model parameters. 
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FIGURE 1 
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FIGURE 2 

 

 

 

 

 

 

 

P
ow

er
 p

ro
b
ab

il
it
y 

d
en

si
ty

 f
u
n
ct

io
n

YDf  (mW)
0 1 2 3 4 5 6 7 8 9

´10-8

0

1

2

3

4

5

6

7

8
´107

( )   NLOS Indoor

0.24

7.8

3

f

f

C

f

m

L

D

D

W = D ´

=

=

( )   LOS Indoor

0.02

20.2

3

f

f

C

f

m

L

D

D

W = D ´

=

=

( )LOS Outdoor

0.19

5.6 13

f

f C

f

m L

D

D

W = D ´

= =

( )   NLOS Outdoor

0.36

3.5

10

f

f

C

f

m

L

D

D

W = D ´

=

=

Power simulation

Indoor

Outdoor

Gamma approximation 

Power simulation

Gamma approximation 

P
ow

er
 p

ro
b
ab

il
it
y 

d
en

si
ty

 f
u
n
ct

io
n

YDf  (mW)
0 1 2 3 4 5 6 7 8 9

´10-8

0

1

2

3

4

5

6

7

8
´107

( )   NLOS Indoor

0.24

7.8

3

f

f

C

f

m

L

D

D

W = D ´

=

=

( )   LOS Indoor

0.02

20.2

3

f

f

C

f

m

L

D

D

W = D ´

=

=

( )LOS Outdoor

0.19

5.6 13

f

f C

f

m L

D

D

W = D ´

= =

( )   NLOS Outdoor

0.36

3.5

10

f

f

C

f

m

L

D

D

W = D ´

=

=

Power simulation

Indoor

Outdoor

Gamma approximation 

Power simulation

Gamma approximation 

 

 



           

 18

FIGURE 3 
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FIGURE 4 
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TABLE I 

 

 

 

 

 

 

Model parameters

LOS NLOS LOS NLOS

                  3.0 3.5 13.6 10.5

 L  (1/ns)        0.047 0.12 0.0048 0.0243

          (1/ns) 1.54/0.15 1.77/0.15 0.13/2.41 0.15/1.13

  b                 0.095 0.045 0.0078 0.062

  h   (ns)          22.61 26.27 31.7 104.7

      (ns)         12.53 17.5 3.7 9.3

          (dB)     2.75 2.93 3.0 3.0

                0 0 0 0

      (dB) 0.67 0.69 0.77 0.56

0 0 0 0

      (dB) 0.28 0.32 0,78 0,25

0 0 0 0

OutdoorIndoor residential

cL
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/l l
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