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Abstract— Performance of common digital modulation tech-1

niques is analyzed over indoor wireless environments modeled2

through the recently proposed joint fading and two-path shadow-3

ing (JFTS) channel model. Mathematically tractable expressions4

for the instantaneous signal-to-noise ratio statistics, average bit5

error rates, and achievable channel cutoff rates are derived.6

Analytical results are used to: 1) investigate the impact of differ-7

ent JFTS model parameters and different modulation techniques8

on bit error rates and cutoff rates and 2) demonstrate how the9

JFTS channel model affects system performance in comparison10

with conventional empirical channel models. Finally simulation11

results are used to corroborate this analysis and evaluate the12

usefulness of such an analysis.13

Index Terms— JFTS, ABER, M-QAM, M-PSK.14

I. INTRODUCTION15

A. Motivation16

THE wide variety of applications of indoor wireless com-17

munication has resulted in the increased demand of exact18

theoretical analysis of high capacity wireless communication19

systems when implemented on indoor wireless access points.20

For example, expressions for the average bit error rate (ABER)21

are essential for designing effective signaling and error control22

coding schemes, as they provide insights into how system23

parameters affect performance and are more computationally24

efficient for analyzing system performance.25

It is well-known that indoor wireless links are affected by26

both small scale fading and shadowing effects. Therefore,27

it will be more accurate to account for the combined small28

and large scale channel effects while evaluating system per-29

formance. Common composite channel models [1], [2], [3]30

that combine large and small scale channel effects have been31

developed primarily for outdoor channels, where the users are32

highly mobile transiting through several scattering clusters.33

As a result, a range of main waves arrive at the mobile, the34

strength of each of which can be drawn from the log-normal35

or the Gamma distribution.36

In an indoor wireless environment, the path between the37

access point and the users is too short for shadowing to be38
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accurately characterized by the log-normal distribution and the 39

mobile users restrict their movement within a small area due to 40

the incapability of most WLAN standards to handle hand-offs 41

efficiently. A new composite channel model, called the joint 42

fading and two-path shadowing (JFTS) model, is proposed 43

in [4]. Based on an extensive channel measurement campaign, 44

the JFTS model is shown to be a more accurate model for 45

characterizing indoor WLAN channels. 46

The JFTS distribution has also some added advantages over 47

other common composite channel models. Since the JFTS 48

distribution is a general model that includes a wide variety 49

of channel conditions as special cases (no fading, no shadow- 50

ing, deep fading, heavy shadowing, etc.), the expressions for 51

different performance metrics evaluated over the JFTS channel 52

will provide us with the achievable performance measures over 53

a large variety of practical channel conditions. 54

The JFTS distribution is fundamentally different from 55

other composite fading/shadowing models. It is a convolu- 56

tion of the Ricean fading and the two-wave with diffused 57

power (TWDP) shadowing models [5]. It follows the bivariate 58

non-centralized chi-squared distribution and therefore, cannot 59

approach Gaussian statistics. This is unlike conventional fad- 60

ing models that can approach zero-mean complex Gaussian 61

statistics under different propagation conditions. This suggests 62

that performance of different communication systems over 63

the JFTS channel will be very different than what has been 64

predicted by conventional fading/shadowing models and moti- 65

vates the need for analytical error rate and achievable capacity 66

expressions specifically for the JFTS channel. 67

The work in [4] is extended in [6] and [7] by deriving 68

expressions for the first-order statistics and Cumulative Distri- 69

bution Function (CDF) of the JFTS distribution respectively. 70

In [8], expressions for ergodic capacity achievable by different 71

adaptive transmission techniques over a JFTS channel are 72

derived. The effect of these adaptive schemes on the rela- 73

tionship between optimal cutoff signal-to-noise ratio (SNR) 74

and the average received SNR for JFTS faded/shadowed links 75

is also studied in [8]. However, to the best of the authors’ 76

knowledge, a detailed study on how different M-ary coherent 77

and noncoherent modulation techniques perform when applied 78

to a JFTS faded/shadowed link has not yet been conducted in 79

literature. 80

B. Main Results and Paper Organization 81

The main contributions of the paper are summarized as 82

follows. 83
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• We derive analytically tractable expressions for ABER84

of coherent and noncoherent binary, and coherent85

M-ary modulation techniques over a non-Gaussian indoor86

WLAN environment, which can be accurately charac-87

terized by the JFTS model. We focus on the CDF88

based approach [9] for deriving ABER expressions.89

We also study the impact of different JFTS distribu-90

tion parameters on the performance based on numerical91

results.92

• In this paper, we provide expressions that are numeri-93

cally efficient and simple to handle. Towards this end,94

we derive error rate expressions that involve truncation95

of the infinite series of the original expressions. The96

approximate expressions are derived in a way such that97

they guarantee that the area under the probability density98

function (PDF) of the instantaneous SNR remains equal99

to 1. However, the truncation bound is decided based on100

the study done in [10] for analysis of bandwidth efficiency101

for the JFTS channel.102

• We also evaluate the channel cutoff rate associated with103

M-ary signaling and JFTS channels both in presence104

and absence of channel magnitude and phase estimates.105

The channel cutoff rate R0 of the communication link is106

defined as a channel capacity related quantity such that107

for any Rc < R0, it is possible to construct a channel108

code using block length n and coding rate Rc capable of109

maintaining an average error probability less than or equal110

to 2−n(R0−Rc) [11]. Quantifying the channel cutoff rate is111

done using the Chernoff bound calculation. Therefore,112

the channel cutoff rate obtained in this way can also be113

used as an analytical bound limiting the bit error perfor114

M-ary signaling techniques are implemented.115

The paper is organized as follows. Section II describes116

the statistics of instantaneous received SNR over a JFTS117

faded/shadowed channel. The error performance and chan-118

nel capacity analyses are presented in Section III and119

Section IV. Numerical results and discussions are given120

in Section V, while concluding remarks are provided in121

Section VI.122

II. STATISTICS OF INSTANTANEOUS SNR123

Let s(k) represent the transmitted data symbol with symbol124

energy Es = E{|s(k)|2} that is transmitted over a composite125

slow shadowed and flat faded wireless communication channel126

with JFTS statistics. The bit energy is then defined as Eb =127

Es/ log2 M , where M is the modulation constellation size used128

for data transmission. The received data symbol y(k) over the129

sampling instant k can be given by130

y(k) = z(k) ejφ(k)s(k) + n(k) (1)131

where n(k) is the complex Additive White Gaussian132

Noise (AWGN) with one side power spectral density of N0,133

φ(k) is the instantaneous phase and z(k) denotes the composite134

fading/shadowing envelope which is JFTS distributed.135

The first order statistics of the channel joint fading/136

shadowing stochastic process, z(k), can be represented by the137

random variable, Z , which has a PDF given by [4] 138

fZ (z) =
4∑

i=1

m∑

h=1

bi z Rh

2P1 P2
e
−K−Sh− z2

2P2r2
h 139

×
[

C1i I0

(
2z

√
K Sh(1 − �Ti )

P1 P2

)
140

+ C2i I0

(
2z

√
K Sh(1 + �Ti )

P1 P2

)]
(2) 141

and a CDF given by [7] 142

FZ (z) =
4∑

i=1

m∑

h=1

bi Rhrh e−K−Sh

2P1
√

P2
143

×
[

C1i Q1

(√
K Sh(1 − �Ti )rh

P1
, z

)
144

+ C2i Q1

(√
K Sh(1 + �Ti )rh

P1
, z

)]
(3) 145

where C1i = eSh�Ti , C2i = e−Sh�Ti , Ti = cos((i − 1)π/7), 146

I0 is the 0th-order modified Bessel function of the first kind, 147

m is the quadrature order, Rh = wh|rh | er2
h −r2

h /2P1 , wh are the 148

Gauss-Hermite quadrature weight factors [12], rh are the roots 149

of the Hermite polynomial for h = 1, 2, . . . , m, Q1 is the 150

Marcum Q-function and bi = ai I0(1) with a1 = 751
17280 , 151

a2 = 3577
17280 , a3 = 49

640 and a4 = 2989
17280 . The behavior of 152

the JFTS distribution is guided by the fading parameter K , 153

shadowing parameter Sh , shape parameter � and mean-squares 154

of the diffused and the shadowed components, P1 and P2, 155

respectively. For our analysis we have chosen the quadrature 156

order m = 20. 157

If the instantaneous received SNR per symbol is defined as 158

γ (k) = z2(k)Es/N0 and the average received SNR as γ (k) = 159

E{z2(k)}Es/N0, where Es is the energy per symbol and N0 160

is the noise density (the noise power present in 1 Hz), the 161

PDF of γ (for the sake of simplicity of notation, we drop the 162

sampling index k from here on) can be obtained in terms of 163

γ [13] by change of variables as 164

fγ (γ ) =
4∑

i=1

m∑

h=1

bi Rh�

γ P1 P2
e
−K−Sh− �γ

2γ P2r2
h 165

×
[

C1i I0

(
2

√
K Sh(1 − �Ti )γ�

γ P1 P2

)
166

+ C2i I0

(
2

√
K Sh(1 + �Ti )γ�

γ P1 P2

)]
(4) 167

where � is the mean-squared value of the JFTS envelope given 168

by � = 4P1 P2(1 + K )(1 + Sh) [6]. The corresponding CDF 169

of γ can be defined as Fγ (γ )
�= ∫ γ

−∞ fγ (u)du and can be 170

expressed as Fγ (γ ) = Fz
(√

γ E{Z2}/γ )
. 171

It is to be noted that owing to the complexity of (4), further 172

integration over fγ (γ ) may not produce a mathematically 173

tractable expression. Hence, we may need an approximate 174

alternative expression for fγ (γ ). Given the infinite series 175
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expansion of modified Bessel function, I0( f ) = ∑∞
t=0

( f/2)2t

(t !)2 ,176

we arrive at an alternative expression for (4) as177

fγ (γ ) =
4∑

i=1

m∑

h=1

∞∑

t=0

Ai,h

γ (t !)2 e−Bhγ /γ
178

×[
C1i

(
C3iγ /γ

)t + C2i
(
C4iγ /γ

)t] (5)179

where Ai,h = bi Rh�
P1 P2

e−K−Sh , Bh = �
2P2r2

h
, C3i = K Sh(1 −180

�Ti )�/(P1 P2) and C4i = K Sh(1 + �Ti )�/(P1 P2). If we181

truncate the infinite series summation to tmax, we can obtain182

an approximate version of (5) as below,183

fγ (γ ) ≈
4∑

i=1

m∑

h=1

tmax∑

t=0

Ai,h

γ (t !)2 e−Bhγ /γ
184

×[
D1t C1i

(
C3iγ /γ

)t + D2t C2i
(
C4iγ /γ

)t]
(6)185

where D1t = γ (t !)2

Ai,h

( γ
C3i

)t ∑tmax+1
u=1 (u − 1)!( γ

Bh

)u and D2t =186

γ (t !)2

Ai,h

( γ
C4i

)t ∑tmax+1
u=1 (u − 1)!( γ

Bh

)u
for γ > 0 and Bh > 0.187

The constants, D1t and D2t in (6) are derived for the sake188

of guaranteeing that the area under the PDF of γ remains189

equal to 1. For our numerical analysis, we have chosen tmax =190

25 based on the observations in [10].191

Proposition 1: The exact and approximate expressions for192

Fγ (γ ) can be given by193

Fγ (γ ) = 1 −
[ 4∑

i=1

m∑

h=1

∞∑

t=0

Ai,h�(t + 1, Bhγ /γ )

(t !)2 Bt+1
h

194

×
(

C1i C
t
3i + C2i C

t
4i

)]
195

≈ 1 −
[ 4∑

i=1

m∑

h=1

tmax∑

t=0

Ai,h�(t + 1, Bhγ /γ )

(t !)2 Bt+1
h

196

×
(

D1t C1i C
t
3i + D2t C2i C

t
4i

)]
(7)197

where �(·, ·) is the generalized upper incomplete Gamma198

function [12].199

Proof: See Appendix A.200

In the next section, we will be using the CDF-based201

approach and therefore, (7) for deriving the ABER expres-202

sions for different modulation techniques over a JFTS203

faded/shadowed communication channel.204

III. ERROR PERFORMANCE ANALYSIS205

In order to obtain the ABER of a large variety of modulation206

techniques, the CDF-based approach of [9] and [14] will be207

used in this section.208

A. Binary Modulation Schemes209

For any binary coherent and noncoherent modulation210

technique, the ABER over a composite flat faded and slow211

shadowed wireless communication channel suffering from212

AWGN can be expressed in terms of the CDF of the instan-213

taneous SNR as [9]214

PBinary
b (e) = αβ

2�(β)

∫ ∞

0
γ β−1 e−αγ Fγ (γ )dγ (8)215

where α = 1 for Binary Phase Shift Keying (BPSK) and 216

α = 1/2 for Binary Frequency Shift Keying (BFSK). If the 217

modulation is differential or noncoherent, β = 1, while for 218

coherent modulation, β = 1/2. 219

Proposition 2: The ABER expression for any coherent 220

or noncoherent binary modulation technique over a JFTS 221

faded/shadowed channel can be obtained in exact and approx- 222

imate mathematically tractable format as 223

PBinary
b (e) 224

= 1

2
−

[ 4∑

i=1

m∑

h=1

∞∑

t=0

Ai,h

(t !)2

(
C1i C

t
3i + C2i C

t
4i

)
225

× αβγ β

2β�(β)

�(β + t + 1)

(αγ + Bh)β+t+1 226

× 2 F1

(
1, β + t + 1; β + 1; αγ

αγ + Bh

)]
227

≈ 1

2
−

[ 4∑

i=1

m∑

h=1

tmax∑

t=0

Ai,h

(t !)2

(
D1t C1i C

t
3i + D2t C2i C

t
4i

)
228

× αβγ β

2β�(β)

�(β + t + 1)

(αγ + Bh)β+t+1 229

× 2 F1

(
1, β + t + 1; β + 1; αγ

αγ + Bh

)]
. (9) 230

where p Fq (·) is the generalized hyper-geometric function [12] 231

and p, q are integers. 232

Proof: See Appendix B. 233

B. M-Ary Coherent Modulation Schemes 234

In order to evaluate the error performance of M-ary coherent 235

modulation techniques over a composite fading/shadowing 236

channel, we need to calculate an integral of the form [9] 237

P M-ary
b (e, g) = 1√

2π

∫ ∞

0
Fγ

(
v2

g

)
e−v2/2dv (10) 238

where g depends on the modulation type [13]. 239

Proposition 3: For a JFTS channel, ABER expression for 240

coherent M-ary modulation technique can be obtained in exact 241

and approximate mathematically tractable format as 242

P M-ary
b (e, g) 243

= 1

2
−

[ 4∑

i=1

m∑

h=1

∞∑

t=0

Ai,h

(t !)2

(
C1i C

t
3i + C2i C

t
4i

)
244

×2t+1√gγ�(t + 3/2)

(gγ + 2Bh)t+3/2 2 F1

(
1, t + 3

2
; 3

2
; gγ

gγ + 2Bh

)]
245

≈ 1

2
−

[ 4∑

i=1

m∑

h=1

tmax∑

t=0

(
D1t C1i C

t
3i + D2t C2i C

t
4i

)
Ai,h

(t !)2 246

×2t+1√gγ�(t + 3/2)

(gγ + 2Bh)t+3/2 2 F1

(
1, t + 3

2
; 3

2
; gγ

gγ + 2Bh

)]
. 247

(11) 248

Proof: See Appendix C. 249

It is evident that bit error rate is heavily driven by the 250

factors C3i and C4i . Both terms are directly proportional to 251
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the product of the fading parameter K and the shadowing252

parameter Sh . Hence, when K , Sh , or both increases, the253

ABER performance improves. It can also be concluded that254

ABER is also influenced by the �-parameter. However, exactly255

how much ABER is affected by a change in � is difficult256

to predict strictly by inspecting the ABER expressions. The257

sensitivity to changes in � is best evaluated using the ABER258

plots presented in Section V.259

1) M-Ary Quadrature Amplitude Modulation (M-QAM):260

Using unified approximation, as is done in [13], the ABER261

expression of general order M-QAM modulation over a com-262

posite fading / shadowing channel is given by [9]263

P M-QAM
b (e) ∼= 4

log2 M

(
1 − 1√

M

) √
M/2∑

n=1

P M-ary
b (e, gn−Q)264

(12)265

where gn−Q = 3(2n − 1)2log2 M/(M − 1). The ABER266

expression for general order M-QAM over JFTS channel can267

be expressed by substituting (11) in (12) and putting g = gn−Q268

in (11).269

2) M-Ary Phase Shift Keying (M-PSK): Using unified270

approximation, as is done in [13], the ABER expression of271

Gray-coded coherent M-PSK modulation over a composite272

fading / shadowing channel is given by [9]273

P M-PSK
b (e) ∼= 2

max(log2 M, 2)

max(M/4,1)∑

n=1

P M-ary
b (e, gn−P)274

(13)275

where gn−P = 2(log2 M) sin2((2n − 1)π/M). The ABER276

expression for coherent M-PSK over JFTS channel can be277

expressed by substituting (11) in (13) and putting g = gn−P278

in (11).279

It is note-worthy that in this paper, we have shown280

how the JFTS distribution provides mathematically tractable281

error probability expressions in terms of generalized hyper-282

geometric functions. Such expressions can be obtained only283

numerically for the commonly used Suzuki / Nakagami - log-284

normal distributions using log-normal approximations [15].285

However, this approximation is only valid for large log-286

normal spreading factor, σ . Easy-to-use expressions for ABER287

of basic modulation techniques exist in literature only for288

K -fading channels [3] among commonly used fading/289

shadowing channel models. Yet even for Gray-coded M-PSK,290

symbol error probability over K -fading channel involves an291

unsolvable integral which can only be evaluated numerically.292

IV. ACHIEVABLE CAPACITY ANALYSIS293

It has been argued in [16] that the average capacity measure294

is only an upper bound on the channel capacity achievable295

without transmitter feedbacks. Since for a JFTS channel, the296

average capacity derived in [8] can only be expressed in terms297

of infinite series summation, it is more appealing to obtain the298

channel cutoff rate achievable using only variable rate M-ary299

signaling. The channel cutoff rate can be calculated using [11] 300

R0 = 2log2(M) − log2

( M∑

j=1

M∑

l=1

C(ŝ j , s j )

)
(14) 301

where C(ŝ j , s j ) is the Chernoff bound on the pairwise error 302

probability [13] associated with choosing the sequence ŝ = 303

(ŝ[1], . . . , ŝ[L]) at the receiver when the sequence s = 304

(s[1], . . . , s[L]) is transmitted over the communication link. 305

The Chernoff bound can be calculated in presence of perfect 306

channel state information (CSI) as [18], [19] 307

CCSI(ŝ j , s j ) = EZ

〈
e−z2 |d j |2

4

〉
[bits/symbol] (15) 308

and in absence of any CSI as [18], [19] 309

CNCSI(ŝ j , s j , λ) = e−λ2|d j |2 EZ

〈
e−λz|d j |2

〉
[bits/symbol] (16) 310

where |d j |2 = |ŝ j − s j |2/N0, N0 is the noise spectral density 311

of the corrupting AWGN and λ is a nonnegative real valued 312

parameter over which (16) can achieve the tightest possible 313

exponential bound on the achievable cutoff rate in absence of 314

any CSI. 315

Proposition 4: For a JFTS channel, the Chernoff bound in 316

presence of perfect CSI is given by by putting (5) in (15) and 317

using integral solution from [17, p. 709, eq. (6.643.2)],1 318

CCSI(ŝ j , s j ) 319

=
4∑

i=1

m∑

h=1

bi Rhr2
h e−K−Sh

P1(2 + |d j |2 P2r2
h )

320

×
[

e

8K Sh(1−�Ti )r
2
h

P1(4+|d j |2 P2r2
h ) eSh�Ti + e

−Sh�Ti+ 8K Sh(1+�Ti )r
2
h

P1(4+|d j |2 P2r2
h )

]
(17) 321

and in absence of any CSI is given by 322

CNCSI(ŝ j , s j ) 323

=
4∑

i=1

m∑

h=1

bi Rh e−K−Sh

2P1 P2
324

×
[ ∫ π

0
(1 − √

πν1 erfc(ν1) eν2
1+Sh�Ti )dθ 325

+
∫ π

0
(1 − √

πν2 erfc(ν2) eν2
2−Sh�Ti )dθ

]
(18) 326

where ν1 = λd2
j

√
P2r2

h
2(1+2P2r2

h )
−

√
K Sh(1−�Ti )

P1 P2
cos(θ), ν2 = 327

λd2
j

√
P2r2

h
2(1+2P2r2

h )
−

√
K Sh(1+�Ti )

P1 P2
cos(θ) and erfc(u) = 328

2√
π

∫ ∞
u e−γ 2

dγ is the complimentary error function. 329

In absence of CSI, minimizing λ in (16) will maximize the 330

cutoff rate. Without side information, no uniform minimization 331

of λ exists [19]. In that case, (18) has to be evaluated 332

numerically using the Laguerre-Gauss Quadrature method and 333

substituted back in (17) to derive the expression for the 334

Chernoff factors of JFTS fading/shadowing link without any 335

CSI available at the receiver. 336

1As is evident from (17), the channel cutoff rate achievable using M-ary
signaling over a JFTS faded/shadowed channel will increase with the decrease
in the Chernoff bound, which in turn decreases exponentially with the increase
in the fading (K ) and/or the shadowing (Sh ) parameters.



IEE
E P

ro
of

DEY et al.: AVERAGE ERROR RATES AND ACHIEVABLE CAPACITY IN LARGE OFFICE INDOOR WIRELESS ENVIRONMENTS 5

TABLE I

GENERALIZED RANGE OF VALUES FOR THE PARAMETERS
OF JFTS DISTRIBUTION

V. NUMERICAL RESULTS AND DISCUSSION337

The derived mathematically tractable expressions for the338

ABER of coherent / noncoherent binary modulation techniques339

like BPSK, BFSK, general order M-QAM and coherently340

detected M-PSK are numerically evaluated and plotted as341

functions of the parameters of the communication channel342

model and the modulation techniques. The analytical results343

are compared with those obtained through Monte Carlo simu-344

lation in order to validate the proposed analysis. For plotting345

the analytical results, we have chosen the approximation346

index, m = 20.347

The wireless communication channel between the transmit-348

ter and the receiver is assumed to be suffering from AWGN349

and the composite fading / shadowing envelope is assumed350

to be JFTS distributed, where all the channel samples are351

statistically independent. The channel samples are generated352

using JFTS distributed random variables Z = XY where353

X are Ricean distributed and Y are TWDP distributed. All354

the analytical and simulation results are evaluated for single355

channel receivers and are averaged over 100 independent356

random channel realizations. The ABER results are plotted357

as functions of the average SNR per bit (Eb/N0) in decibels.358

The behavior of the JFTS distribution is guided by its359

fundamental parameters K , Sh and �. The ranges of values360

for those model parameters that are suitable for different361

scenarios within the large office indoor wireless environments362

are compiled in [4]. The particular set of JFTS parameters363

that are used for numerical analysis and generating simulation364

results in this paper are enlisted in Table I.365

A. Error Probability Performance366

1) Performance of Modulation Techniques: The first set of367

curves in Fig. 1 are generated for evaluating performance of368

different modulation techniques over a JFTS fading / shadow-369

ing communication channel. Both analytical and simulation370

Fig. 1. Comparative simulation and analytical average bit error rate
performances of coherent M-PSK and M-QAM over a JFTS faded / shadowed
communication link.

Fig. 2. Average simulated bit error rate performances of 16-QAM over
JFTS faded / shadowed communication link with (a) Sh = 6 dB, � = 0.3 and
(b) Sh = −4 dB, � = 0.9.

results are plotted for each modulation scheme. All the results 371

are generated for a fixed set of JFTS parameters, K = 6.5 dB, 372

Sh = 5 dB and � = 0.8. This set of parameters are 373

encountered when the mobile WLAN user and the access point 374

are separated by 1 set of dry-wall or partition, as tabulated in 375

Table I. It is evident from Fig. 1 that the derived analytical 376

results from (9) and (11) offer a good agreement with that 377

of the simulation results and they fall within 1 − 2 dB of 378

the simulation results. It is to be noted that in many cases 379

analytical results do not exactly match the simulation results as 380

the analytical expressions involve the approximation index m. 381

2) Effect of the JFTS Parameters: The curves in the first 382

subplot of Fig. 2 are generated by varying the K -parameter 383

of the JFTS distribution. The other parameters of the JFTS 384

distribution like Sh and � are kept constant at 6 dB and 385

0.3 respectively, representing a condition where the user and 386

the access point are separated by 1 dry-wall or partition. 387
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Fig. 3. Average bit error rate performances of 16-QAM over JFTS faded /
shadowed communication link with (a) K = 6.5 dB, � = 0.8 and
(b) K = 6 dB, Sh = −4 dB.

Simulation and analytical ABER performances are plotted388

for 16-QAM. The performance of 16-QAM deteriorates as389

the value of K decreases with fixed Sh and �. This is due390

to the fact that as K decreases, the power contributed by the391

strong specular components decreases in comparison to that392

contributed by the diffused and scattered components, resulting393

in degradation of overall system performance.394

The improvement in performance due to the increase in395

K -factor from 2 dB to 5 dB or 5 dB to 8 dB is not396

proportional to the improvement for increasing K from 8 dB397

to 11 dB. This is due to the fact that for a JFTS channel,398

the Sh and � parameters also influence the channel behavior.399

A high Sh factor corresponds to a low severity in shadowing.400

A low � represents a scenario where only one scattering401

cluster dominates instead of two thereby also resulting in low402

shadowing severity. Hence, with a high Sh and low � coupled403

with high K -factors, the communication channel approaches404

the “no fading” scenario. As a result changing the K -factor405

from 8 dB to 11 dB does not cause any further improvement406

in performance.407

To emphasize the effect of Sh and �, the ABER perfor-408

mance of 16-QAM is plotted for only K = 2 dB and 8 dB409

in the second subplot of Fig. 2. In this case a low Sh factor410

of −4 dB and a high � factor of 0.9 is used. This represents411

a condition where the user and the access point are separated412

by 2 − 3 partitions. The difference in performance due to the413

increase in K -factor is completely obliterated for this set of414

shadowing parameters. A low Sh and a high � corresponds to415

a very high severity in shadowing and further degrading fading416

by a reduction in K does not further degrade performance in417

any significant way.418

Fig. 3(a), is generated by varying the Sh parameter of the419

JFTS distribution with fixed K and � at 6.5 dB and 0.8420

respectively. This set of K and � parameters represent a421

scenario where the user and the access point are separated by422

2 − 3 dry-walls or partitions. It is evident from Fig. 3(a) that423

lowering the Sh-parameter value results in deteriorated system424

performance. A larger Sh factor represents large variations425

Fig. 4. Average bit error rate performances of 16-QAM over JFTS faded /
shadowed communication link, where the curves are generated by varying all
the JFTS parameters, K , Sh and � simultaneously.

in the main wave amplitudes contributed by each scattering 426

neighborhood resulting in approximately equable number of 427

high and low, thereby reducing the overall severity of shad- 428

owing. On the other hand, a low Sh factor depicts a scenario 429

where each scattering cluster contributes a very small range of 430

discrete shadowing values, higher in magnitude and encoun- 431

tered repeatedly. This condition results in an increased severity 432

in shadowing, thereby degrading overall system performance. 433

The curves in Fig. 3(b) are generated by varying only the 434

�-parameter of the JFTS distribution but keeping a fixed 435

K and Sh at 6 dB and −4 dB respectively. This set of 436

K and Sh is encountered when the mobile WLAN user and 437

the access point are separated by 2−3 dry-walls or partitions. 438

Variations in the value of the �-parameter affects the system 439

performance in a way opposite to that of the K or Sh 440

parameter. Performance of 16-QAM degrades as � increases 441

from 0.1 to 0.7. This is due to the fact that as � increases, 442

the relative magnitudes of the shadowing values contributed by 443

two successive scattering clusters visited by the user increases. 444

This results in an increase in the shadowing severity. 445

The results in Fig. 4 are generated by varying the JFTS 446

parameters, K , Sh and �. The values for each set of para- 447

meters are chosen from the ranges of their numerical values 448

proposed in Table I, depending on the relative position of 449

the mobile LAN user and the access point. The first curve 450

is generated for K = 10 dB, Sh = 10.5 dB and � = 0.75, 451

representing a condition where both the user and the access 452

point are located in the same room Table I. As the user moves 453

to a different room separated by one set of wall or partition 454

from that of the access point (K = 8 dB, Sh = 6.5 dB and 455

� = 0.45), system performance degrades, as exhibited by the 456

second curve in Fig. 4. In order to achieve an ABER of 10−3, 457

the average SNR per symbol requirement increases by around 458

5 dB for the second set of parameters with respect to the first 459

set of JFTS parameters. It should be emphasized that Fig. 4 460

assumes a common path loss for all four scenarios. This means 461

that for a given SNR, all four scenarios experience the same 462

average path loss and the difference in BER shown on the plot 463
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Fig. 5. Comparative average bit error rate of (a) QPSK over JFTS link with
that over traditional channel models and (b) 16-QAM over a JFTS link with
that over composite Nakagami - log-normal (NL) link.

is a result of the different small-scale fading and shadowing464

statistics imposed by the JFTS model.465

The average SNR per symbol requirement increases even466

further by around 10 dB, if the user and the access point467

is separated by 2 − 3 sets of partitions (K = 6.5 dB,468

Sh = −1.5 dB and � = 0.25). This happens due to the469

lack of strong specular components and the presence of at470

least two scattering clusters between the transmitter and the471

receiver, which jointly deteriorates the overall system perfor-472

mance. However, for propagation conditions that correspond473

to an increase in the number of separations by more than 3474

(i.e. K = 5.5 dB, Sh = −7.5 dB, � = 0.15), the average475

SNR per symbol requirement only increases by a maximum476

of 5 dB, in order to achieve the same ABER performance. The477

reason for this can be imparted to the low �-factor, where the478

effect of one scattering cluster is much stronger than the other479

one. As a result, system performance is effectively affected480

by only one scattering cluster, even in the presence of at least481

two scattering clusters.482

3) Comparison With Outdoor Channel Models: To demon-483

strate how JFTS channel performance compares to con-484

ventional channel models, Fig. 5(a) is used to compare485

performances of QPSK over JFTS, Ricean and log-normal486

distributed communication channels. We have chosen the487

Ricean distribution (K = 2 dB) to compare its impact on488

performance with that of the JFTS channel with no shadowing489

condition (K = 2 dB, Sh = 1000 dB, � = 0). The log-normal490

distribution (μ = 1, σ = 1.5) is selected to compare with the491

special case of JFTS channel with no fading (K = 1000 dB,492

Sh = −3 dB, � = 0.2). These particular set of JFTS parame-493

ters is selected for comparison as they correspond to a TWDP494

distribution with the same mean and standard deviation. The495

performance over Ricean channel is almost equivalent to the496

no shadowing JFTS case, as with � = 0, the JFTS distribution497

reduces approximately to Ricean distribution. However, there498

exists a small difference in performance owing to the minute499

amount of shadowing still present in the JFTS channel with500

Sh = 1000 dB. However, that is not the case with the 501

log-normal and the no fading JFTS channels. This is because, 502

putting a very high K in the JFTS distribution reduces it 503

approximately to the TWDP distribution accounting for max- 504

imum of two scattering clusters. The TWDP distribution is 505

very different from the log-normal distribution which accounts 506

for the transition through several local neighborhoods, each of 507

which consisting of different clusters of scattering objects. 508

To illustrate how the JFTS channel performance compares 509

to more conventional outdoor composite fading/shadowing 510

channel models, Fig. 5(b) is used to compare the performance 511

of 16-QAM over JFTS and Nakagami - log-normal (NL) 512

faded / shadowed communication channels. We have chosen 513

the NL distribution, as the Nakagami-m can be varied to model 514

a variety of fading distributions including the Rayleigh and the 515

Ricean distributions. The channel parameters are chosen so 516

that the JFTS and NL channels contribute the same amount 517

of fading (AF). As shown in [6], a JFTS distribution with 518

K = 7 dB, Sh = 6 dB and � = 0.7, contributes an AF of 2 519

which is same as that contributed by NL distribution with 520

m = 1 and σ = 2.8 (4.4 dB). For these sets of parameters, 521

performance over a JFTS channel is worse than that over 522

a NL channel for SNRs less than 10 dB (γ ≤ 10 dB). 523

For higher SNRs per bit of around 10 dB and more, JFTS 524

offers a performance gain over NL. While only the simulation 525

results are shown for brevity, this same pattern in performance 526

repeats itself even for the set of JFTS (K = 5, 2 dB, Sh = 527

−5,−10 dB, � = 0.3, 0.5) and NL (m = 1, 1, μ = 1, 1, 528

σ = 3.6, 4.2 (5.5, 6.2 dB)) parameters that contribute AFs of 529

3 and 4 respectively. This improvement in performance for the 530

JFTS distribution at higher SNRs occurs due to the fact that 531

for the JFTS distribution, there still exists a very small group 532

of specular components as long as K �= 0. While, m = 1 533

for NL distribution represents a small scale fading condition, 534

which is equivalent to Rayleigh fading with the absence of 535

any specular component. 536

In addition, in order to visualize the difference between 537

JFTS and NL distributions, Fig. 6 exhibits their PDFs. The 538

model parameters for both the distributions are selected such 539

that they contribute the same amount of AF. The PDF of a 540

NL distributed variable w is given by 541

fW (w) =
∫ ∞

0

mmwm−1

vm�(m)
e− mw

v
4.3429√

2πσv
e− (10 log10 v−μ)2

2σ2 dv (19) 542

where m is the Nakagami m-factor, and μ and σ are the 543

mean and standard deviation of the log-normal shadowing 544

distribution, respectively. It is evident from Fig. 6 that the 545

NL distribution fails to adequately characterize indoor large 546

office wireless communication scenarios where a mobile user 547

can traverse through at most two distinct scattering clusters 548

within a time-frame of interest. 549

B. Achievable Capacity Analysis 550

1) Effect of the JFTS Parameters: The effect of the JFTS 551

parameters on channel cutoff rate is shown in Fig. 7. Channel 552

cutoff rate of M-ary signaling over a JFTS channel deteriorates 553

with the decrease in K and Sh -factors. The degradation in 554

cutoff rate due to the decrease in K -factor from 8 dB to 2 dB 555
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Fig. 6. Comparative PDFs of JFTS and NL distributions (a) AF = 2 (JFTS :
K = 7 dB, Sh = 6 dB and � = 0.7, NL : m = 1 and σ = 2.8) and
(b) AF = 3 (JFTS : K = 5 dB, Sh = −5 dB, � = 0.3, NL : m = 1, μ = 1,
σ = 3.6).

Fig. 7. Channel cutoff rate, 〈R0〉 of JFTS channel (with CSI) as a function
of average received signal-to-noise ratio (a) with fixed Sh = 1 dB, � = 0.4
and (b) with fixed K = 5 dB, � = 0.9.

(refer to Fig. 7(a)) is much less compared to the decrease in556

achievable cutoff rate due to the lowering of Sh -factor from557

5 dB to −5 dB (refer to Fig. 7(b)). These results do not558

agree with the observations made in [20], where bit error rate559

performance of BPSK is found to degrade equally either due560

to the decrease in the K -factor or the Sh -factor. The reason for561

this can be attributed to the �-value chosen for each plot. For562

Fig. 7(a), a low � of 0.4 is chosen. In this case, shadowing563

severity is reduced by the fact that only one scattering cluster564

dominates instead of two clusters. For Fig. 7(b) a high � of565

0.9 is chosen, where the magnitudes of the shadowing values566

contributed by each scattering cluster are almost equal.567

Fig. 8. Channel cutoff rate, 〈R0〉 of JFTS channel under different modulation
techniques (a) with different constellation size M and (b) presence/absence
of CSI with K = 7 dB, Sh = 6 dB and � = 0.7.

It is worth mentioning that the channel cutoff results 568

plotted in Fig. 7 are analytical results, as these results are 569

only estimates of the achievable throughput, neither exact 570

nor approximate bounds on the actual system performance. 571

However, we have plotted the achievable throughput over JFTS 572

channel with K = 5 dB, Sh = −9 dB, � = 0.9 through 573

Monte-Carlo simulation for comparison. Plotting simulation 574

results for all values of K and Sh have been avoided due to 575

space constraint. 576

2) Performance of Modulation Techniques: Fig. 8 demon- 577

strates the cutoff rate for different modulation schemes in the 578

JFTS channel. The curves in Fig. 8(a) are used to compare 579

performances of M-QAM/PSK over JFTS faded / shadowed 580

communication links with K = 7 dB, Sh = 6 dB and � = 0.7. 581

The channel cutoff rate curves are generated using (17). The 582

unrestricted upper bound or the average achievable channel 583

capacity under this particular channel condition is also plotted 584

for reference. In this case, the unrestricted upper bound on 585

achievable channel capacity over a JFTS fading/shadowing 586

channel can be evaluated using CJFTS = EZ
〈
Bτ log2(1 + 587

zγ )〉 [bits/symbol], where the expectation is taken over z, 588

B is the bandwidth of the input waveform and the waveform 589

is limited to the time interval, 0 ≤ t ≤ τ . The expression 590

for CJFTS in terms of the JFTS parameters has been derived 591

in [10, p. 10075, eq. (3)]. 592

It is harder to approach the capacity of the JFTS channel 593

compared to the traditional fading channels like Rayleigh 594

channel in the context of QAM, as a consequence of having 595

wider SNR gap between the capacity bound and the cutoff 596

rate. For example, at a capacity of 3 bits/symbol, the SNR gap 597

between the capacity curve and cutoff rate curve of 16-QAM 598

when communicating over the JFTS and the Rayleigh chan- 599

nels is about 12 dB (refer to Fig. 8(b)) and 5 dB [21], 600

respectively. For this particular set of curves, we have used 601

a high K -factor of 7 dB as compared to the Rayleigh fading 602

condition (K = 0). Hence, in this case, the lower achievable 603

channel capacity over the JFTS channel is a direct impact 604
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of the presence of shadowing. Therefore, though there still605

exists a group of waves arriving directly at the receiver over606

the LOS path, they are obstructed due to the presence of607

in-building structures like the thin set of dry-walls between608

the transmitter and the receiver.609

However, for the JFTS channel, QAM without CSI still610

performs better than PSK, as is the case in the presence of611

perfect CSI (refer to Fig. 8(b)). This contrasting behavior612

between outdoor and indoor channels can be attributed to that613

fact that in an indoor environment, shadowing varies quickly614

enough to have an impact on the decision region boundaries615

along with fading. In case of PSK receivers, the decision616

boundaries are not independent of the shadowing depth and617

therefore performs equally poorly as QAM receivers over a618

JFTS faded/shadowed communication link.619

VI. CONCLUSIONS620

The primary contribution of this paper is to derive easy-to-621

evaluate closed-form analytical expressions for the ABER of a622

wireless communication system using M-QAM and coherent623

M-PSK modulation techniques over JFTS fading / shadowing624

channels. In order to do so, closed-form expressions for the625

PDF and the CDF of the received instantaneous composite626

signal-to-noise ratio (SNR) are utilized. The derived analytical627

expressions for ABER are numerically evaluated and plotted628

as functions of the parameters of the communication channel629

model and the modulation techniques. Performance degrades630

as K and Sh decreases and enhances as � decreases. The ana-631

lytical results are found to be in agreement with the simulation632

results verifying the validity of the derived expressions. It can633

also be concluded that for higher SNRs, performance over a634

JFTS channel model is better than the NL channel model for635

the same AF.636

APPENDIX A637

PROOF OF PROPOSITION 1638

The CDF of γ can be defined as639

Fγ (γ )
�=

∫ γ

−∞
fγ (u)du = 1 −

∫ ∞

γ
fγ (u)du. (A.20)640

Putting (5) back in (A.20), we can rewrite (A.20) mathemati-641

cally as642

Fγ (γ ) = 1 −
[ 4∑

i=1

m∑

h=1

∞∑

t=0

Ai,h

γ (t !)2

(
C1i

Ct
3i

γ t + C2i
Ct

4i

γ t

)
643

×
∫ ∞

γ
ut e−Bh

u
γ du

]
. (A.21)644

Using the integral solution from [17, p. 340, eq. (3.351.2)],645

we can express (A.20) as646

Fγ (γ ) = 1 −
[ 4∑

i=1

m∑

h=1

∞∑

t=0

Ai,h

γ (t !)2

(
C1i

Ct
3i

γ t + C2i
Ct

4i

γ t

)
647

×
(

γ

Bh

)t+1

�

(
t + 1, Bh

γ

γ

)]
648

= 1 −
[ 4∑

i=1

m∑

h=1

∞∑

t=0

Ai,h�(t + 1, Bhγ /γ )

(t !)2 Bt+1
h

649

×
(

C1i C
t
3i + C2i C

t
4i

)]
. (A.22) 650

Following the same steps as above, we can arrive at the 651

approximate form of Fγ (γ ) as 652

Fγ (γ ) ≈ 1 −
[ 4∑

i=1

m∑

h=1

tmax∑

t=0

Ai,h�(t + 1, Bhγ /γ )

(t !)2 Bt+1
h

653

×
(

D1t C1i C
t
3i +D2t C2i C

t
4i

)]
. (A.23) 654

The results obtained in (A.22) and (A.23) are put back in (7) 655

to obtain the final expressions in Proposition 1. 656

APPENDIX B 657

PROOF OF PROPOSITION 2 658

Starting from (8) and putting back the first line of (7) back 659

in (8), we can rewrite (8) as 660

PBinary
b (e) = αβ

2�(β)

∫ ∞

0
γ β−1 e−αγ

[
1 −

[ 4∑

i=1

m∑

h=1

∞∑

t=0

Ai,h

(t !)2 661

×�(t + 1, Bhγ /γ )

Bt+1
h

(
C1i C

t
3i + C2i C

t
4i

)]]
dγ. 662

(B.24) 663

Using the integral solution from[17, p. 340, eq. (3.351.3)], we 664

can express (B.24) as 665

PBinary
b (e) = 1

2
−

[ 4∑

i=1

m∑

h=1

∞∑

t=0

Ai,h

(t !)2 Bt+1
h

(
C1i C

t
3i +C2i C

t
4i

)
666

× αβ

2�(β)

∫ ∞

0
γ β−1 e−αγ �(t + 1, Bhγ /γ )dγ

]
. 667

(B.25) 668

Using the integral solution from [17, eq. 6.455.1, p. 657], we 669

can obtain 670

PBinary
b (e) = 1

2
−

[ 4∑

i=1

m∑

h=1

∞∑

t=0

Ai,h

(t !)2

(
C1i C

t
3i + C2i C

t
4i

)
671

× αβγ β

2β�(β)

�(β + t + 1)

(αγ + Bh)β+t+1 672

× 2 F1

(
1, β + t + 1; β + 1; αγ

αγ + Bh

)]
. 673

(B.26) 674

Following the same steps as above and putting the second line 675

of (7), we can arrive at the approximate form of PBinary
b (e) as 676

PBinary
b (e) ≈ 1

2
−

[ 4∑

i=1

m∑

h=1

tmax∑

t=0

Ai,h

(t !)2

(
D1t C1i C

t
3i +D2t C2i C

t
4i

)
677

× αβγ β

2β�(β)

�(β + t + 1)

(αγ + Bh)β+t+1 678

× 2 F1

(
1, β + t + 1; β + 1; αγ

αγ + Bh

)]
. 679

(B.27) 680



IEE
E P

ro
of

10 IEEE TRANSACTIONS ON COMMUNICATIONS

The results obtained in (B.26) and (B.27) are put back in (9)681

to obtain the final expressions in Proposition 2.682

APPENDIX C683

PROOF OF PROPOSITION 3684

Starting from (10) and putting back the first line of (7) back685

in (10), we can rewrite (10) as686

P M−ary
b (e, g) = 1√

2

∫ ∞

0
e−v2/2

[
1 −

[ 4∑

i=1

m∑

h=1

∞∑

t=0

Ai,h

(t !)2687

×�(t+1, Bhv
2/gγ )

Bt+1
h

(
C1i C

t
3i +C2i C

t
4i

)]]
dγ.688

(C.28)689

Using the integral solution from [17, p.340, eq. (3.351)], we690

can express (C.28) as691

P M-ary
b (e, g) = 1

2
−

[ 4∑

i=1

m∑

h=1

∞∑

t=0

Ai,h

(t !)2 Bt+1
h

(
C1i C

t
3i + C2i692

× Ct
4i

)
1√
2

∫ ∞

0
e−v2/2�(t+1, Bhv2/gγ )dγ

]
.693

(C.29)694

Putting v2 = r with change of variables and using the integral695

solution from [17, p. 657, eq. (6.455.1)], we can obtain696

P M-ary
b (e, g)697

= 1

2
−

[ 4∑

i=1

m∑

h=1

∞∑

t=0

Ai,h

(t !)2

(
C1i C

t
3i + C2i C

t
4i

)
698

×2t+1√gγ�(t + 3/2)

(gγ + 2Bh)t+3/2 2 F1

(
1, t + 3

2
; 3

2
; gγ

gγ + 2Bh

)]
.699

(C.30)700

Following the same steps as above and putting the second line701

of (7), we can arrive at the approximate form of P M-ary
b (e, g)702

as703

P M-ary
b (e, g)704

≈ 1

2
−

[ 4∑

i=1

m∑

h=1

tmax∑

t=0

(
D1t C1i C

t
3i + D2t C2i C

t
4i

)
705

× Ai,h

(t !)2

2t+1√gγ�(t + 3/2)

(gγ + 2Bh)t+3/2 2 F1

(
1, t+ 3

2
; 3

2
; gγ

gγ +2Bh

)]
.706

(C.31)707

The results obtained in (C.30) and (C.31) are put back in (11)708

to obtain the final expressions in Proposition 3.709
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