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Abstract In this work, the performance of ultra-wide
band systems (UWB) in high-speed wireless networks is
studied. At the physical layer of wireless personal area
networks, dual carrier modulation driving multiband
orthogonal  frequency  division  multiplexing is
implemented for 480 Mbps data rates over 4 classes of
UWB scattering channels (CM1, CM2, CM3, CM4)
bundeled as per the IEEE 802.15.3a UWB standard.
Generalized wireless fading models are presented and
canonical expressions for mean bit error rates (MBER) are
derived for different modulation and receiver diversity
combining schemes. A generating model in terms of the
characteristic function of the signal-to-noise ratio is
introduced for MBER under general statistical fading
conditions, which further develops our previous work. The
power density spectral characteristic of the multi-user
noise is tuned to a novel generalized innovation-matched
filter (GIMF) which is at the core of the UWB receiver.
Because of its robustness at also capturing the fading
characteristics of the UWB channels, the GIMF detector
yields better performance than the classical matched filter
and a 10-finger RAKE receiver. The relatively flat CM1
channel is proven to have the best performance, while the
highly frequency selective CM4 suffers from the worst
performance. CM3 channel slightly outperforms CM4
channel between 0 and 5 dB and exhibits significant
improvement over CM4 above 5 dB SNR. CM3 and CM4
channels are proven to have nearly identical performance
below 0 dB margins. A comparative analysis was also
conducted for the MBER of our model and that of the
CF-based model at a 10-finger RAKE receiver developed
by Wang et al. It was found that our model outperforms

that of the CF-model for CM1 and CM2 channels for a
wide dynamic range of SNR values. For CM3 and CM4
channels, our model’s performance was superior for SNR
values below 8 dB.

Keywords Bit Error Rate, Generalized
Innovation-Matched Filter, RAKE Receiver, Ultra-Wide
Band

1. Introduction

Ultra-wide band initially gained popularity in wireless
personal areal networks for short range applications [1-7].
With the recent proliferation of 6G networks research,
UWB systems are proposed for usage at sub-6G spectral
bands with applications to wireless body area networks
and the Internet of Things.

As a fundamental rule, the bandwidth (BW) of a UWB
signal with center frequency f. obeys the constraint

BW > 25%f,. @

In a broad sense, two types of UWB systems are
deployed, Direct Sequence Ultra-Wide Band and
Multi-Band Orthogonal Frequency Modulation, with the
latter enjoying superior performance and wider usage
[8-14]. The IEEE 802.15.3.a UWB standard describes 4
classes of channels named CM1, CM2, CM3 and CM4.
The characteristics of the said channels are describes in
Table 1 in terms of the scattering fading statistics and the
transmission ranges.
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Table 1. |EEE 802.15.3a UWB channels
CcM1 CM2 CM3 CM4
Line of | Non-line
sight of Sight NLOS NLOS
(LOS) | (NLOS)
Common
Fading Rician | Rayleigh | Nakagami-m | Lognormal
Statistics
Transmission |- 010\ o oum | at010m | 4to10m
Range 4m

2. Stochastic Modeling of UWB
Channels
For better accuracy, we consider the more realistic
partially developed scattering model [15-25] where the

received signal is modeled in passband form according to
a random walk in a two-dimensional plane [26-36]

ZN:A(GM(

k=1

rt) = s(t) +n(t),

O]

where (A, ¢ ) are the amplitude and phase of the #-th

blocking scattering element, respectively, N is the number
of scatterering elements in the channel, s(f) is the
modulated signal, and n(f) is the additive white and
multi-user colour noise. This stochastic model conforms
to CM2, CM3, and CM4 channels.

When a direct LOS specular component with power |
V02 | is added to the diffuse component, the received signal
model takes the generalized form

N
r(t) = Z:Akejqu +V,|s(t) +n(t),N >.
kL

©)

CM1 channels obey this law where the statistical
distribution of the instantaneous signal-to-noise ratio
(SNR) is a modified-Rician distribution. In the absence of
a direct LOS specular component, Nakagami-m statistics
enjoy widespread fading applications where the
instantaneous SNR is gamma-distributed with shaping
parameter .

A more severe fading model follows the exponential
law

k=1

N
r(t) =exp(ZAkJs(t)+n(t), N >, (4)

in which case the instantaneous SNR is lognormally
distributed. This large scale shadowed scattering is well
suited for CM3 and CM4 channels.

Yet another more realistic fading model is termed
partially developed mobile fading. In this stochastic model,
the number of scatterers N is very small and the received
signal in this environment is modeled in complex
baseband form as

329
~ N . - ~
r) =D Ae el s(t) +n(t), (5)
k=1
where &, is the Doppler shift which is randomly

distributed over the support [-Fp,Fp], the maximum

Doppler shift Fy is given by the well know wave
propagation formula

Fo =[va| fe/(5¢). 6 <1 )

¢ being the speed of light, vy the relative velocity

between transmitter and receiver, and O the wave
attenuation constant which depends on the channel
scattering characteristics. CM3 and CM4 channels are
well-suited for this model.

3. System Performance Metrics

3.1. Generalized Innovation-Matched Detector

The receiver structure comprises a generalized
innovation-line match filter (GIMF) to capture the
statistical characterisitcs of the UWB multipath scattering
channels and to spectrally shape the additive colour noise
(ACN) caused by multi-user interference. The realizable
transfer function of the GIMF, which can be considered as
a pre-equalizer to the classical UWB RAKE receiver [37],
is given by

H, (f)=P5(f)e 27"/R /B (1), @

where Py (f) is the power spectral density (PSD) of the
ACN, Ry is the coding rate, and

Ps () =R (PR (f), ®)

is the separable PSD of the modulation signal, which is
the synthesis of the mixture of its causal and non-causal

components Py (f) and P (f), respectively, where
Py(f)=P5 : (f) . If the PSD separability condition fails,
we set Pg (f)=4/P; (f), resulting in the sub-optimal

transfer function
Ho(f) =R (De "% R (f). (9

The term “innovation” is used for the GIMF structure
because

2 o+
[Ho (Pl =5~ R () (10)

[Watts/Hz), and

P (f) acts as an innovation filter for the modulation

for white noise with PSD N,/2

signal s(?).
The resulting optimal signal-to-noise ratio of the
received filtered signal is given by



330

SNRy e = [ Py (F)/Pyy (1)

—00

(11)

Further to the PSD separability condition of Eq. (8), it
can be proven that a signal x(t) with square-integrable

spectral density is regular if and only if its PSD P, (f)
obeys the Paley-Wiener (PW) condition

J‘ ‘Iog(Px (w))‘/(l+ wz)dw< .

—00

(12)

Thus, the power spectral density of a regular process x(¢)
is always separable as the mixture of its non-causal and
causal components.

3.2. Energy Detection Performance

In digital communication systems, the signal-to-noise
ratio

To 2By /N, (13)
is considered as a reference performance metric, where
E, is the energy of the modulation signal per bitand N,

is the PSD of the additive white noise (AWGN). All
performance measures, such as the MBER, the outage
probability, the average outage duration etc are
functions of the SNR I'.

Since UWB signals are subject to multipath fading
noise, a more appropriate metric is the average of the
instantenous SNR per bit

T=E(r*)E /N, (14)

where 7 is the fading noise envelope, 72 is the fading
noise power, and Py :E(yz)gl is the mean diffuse

power.
To study the performance of energy detectors, it is

Mean Bit Error Rate Analysis of High Rate IEEE 802.15.3.a UWB Channels

necessary to obtain the analytical expression of the mean
probability of detection, or equivalently the MBER, as per
the equation

R =E[R(N)]= j P.(v)pr(@)do,  (15)
0

where R,(T) is the BER in an AWGN channel free of

multipath  fading and p.(v) is the probability

distribution of T

Evaluation of Eq. (15) for a particular form of the bit
error probability comprising a Gaussian-Q function (in
AWGN), requires knowledge of the definite integral

0

1 = [Q(avo Jpr (w)do,

0

(16)

After considerable manipulations, Eq. (16) can be
rewritten as

72

[ MF(—aZ/(Zsinzt))dt,

0

1
== a7
V4
where M(.) is the moment generating function of the

random variable I', defined by
My ()£ Ep[exp(jsT)] = jei“s pr@)dv  (18)
0

Table 2 depicts analytical expressions for the BER as a
function of I, and the MBER in terms of I for
different modulation methods. The following special
functions are used: Q(.) is the Gaussian-Q function,
Q.(a,p) is the Marcum-Q function, T'() is the
Gamma function, and 1,(.) is the modified Bessel
function of the 1% kind.
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Table 2. BER and MBER analytical expressions for different modulation schemes in Rayleigh fading channels
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Modulation Applications MBER (Rayleigh fading)
Direct
Coherent = = =
Sequence 0.5(1— fl“ r+1 )z],/4l" for I' >
BPSK UWB /( )
Coherent Generaliation 1 TFain? Tain2
) ) V(1—\/Mrsm (=/M)/(MTsin (;:/M)+2))
Non-coherent | Multi-Band =\
DPSK UWB 0-5(1+F)
Multi-Band — —
F=(57/4) - F=(x/4)[38], [39]
Non-coherent UWB r( ) F( )
DQPSK _ siny & "
(M=4) F(w M) é—4—l// J. (1-cosy cosé)1+v(log, M Y1-cosy cos&)) ~ d&
" —l2
Non-coherent 9, o
M&szK g(r—r(13;r/8)— Fr (/8))
_ Multi-Band
M= 16 uws 0.25( F: (157/16) + Fr: (137/16) ~F: (117/16) - F: (97/16) ) 0.5 (37/16) + F (7/16))
Generalized = = = =
st mg 0.1(3F (3L7/32) + 3 (297/32) - - (277/32) — P (257/32) + P (287/32) + Fi: (217/32)
M =32 DQPSK ~3F- (197/32) - 3F; (1772/32) )+ 0.2 Fr (157/32) + Fr (137/32) - (112/32) - F: (97/32)
~0.4(F (37/32) + e (7/32))
BPSK-driven NK (NK)
Direct —(NK +1) NK)! [ ( = 2=
2 x| 1=(K —[p/NJ),[T/| 1+ (K =|p/N|)'T
Séungze p;K T(1+0.5(NK — p))T(1+05(NK + p))
(DS-CDMA) _\-1/2 5 —\-1
o Q[w (F) J+(sﬁr FRE)) (2 (3 wil(F)/[amen ()
Multicode _ _
(MCD) Yy (F) =(K-1)/(3N )+O.5/F, N = nb. of interferers; K = processing gain
scheme [41]

BPSK-Driven Root-Mean-Square-Gain Combined Signals. We now consider BPSK over independent Rayleigh
fading (slow and non frequency selective) diversity channels with AWGN. In a single-input-multiple-output (SIMO)
channel, the SNRs of asymptotic root-mean-square-gain-combining (RMSGC) [42], [43] and maximal ratio combining
(MRC) obey the same statistics as the fading power. In other words, I" follows a Gamma distribution with shaping
parameter L and scaling parameter r. Considering the case where the BER is evaluated at the average operating

condition, Jensen’s inequality yields an MBER ( BER ) upper bound

sup(ﬁRMSGC ) = 0.5(1—%) .

We now consider the exact error probability in which the BER is averaged over all possible operating conditions by
keeping these operating conditions random in order to capture their statistical fluctuations. Rigorous mathematical
analysis yields the expression

(19)

1
e 1

BERRMSGC=m{[ 1, 1—\/:(1+r) i[L 1T [ —|—%j(1+f)'}=% 1-[1+%) ZZ.;(Z'I]HH%H_I (20)

for T> l:th, where [N],, is the reverse-Pochhammer symbol and I'(.) is the gamma function (not to be confused with
the reference SNR “T"™).



332

For MRC, the exact expression of MBER for
independent Nakagami-m faded diversity signals can be

expressed as:
mL-1
mL—1+1
o)™ [ ] Q, (@)

1=0

where Q=o,5(1+ fr/(“]:)). For Rayleigh fading, we

simply set m = 1.

BPSK-Driven Equal Gain Combined Signals. Using
the Jensen’s inequality, the resulting MBER upper limit
for EGC is

BER,,.

sup (iBEREGC ] =

1{ = . = Y
=E!_‘1—‘JL1—'[1—(I.—1).T'4]/[.1—1.r[1—(..[—1).'1" 1) ] (2

A simple expression for the theoretical bit error rate for
EGC with BPSK modulation is shown below:

— 1 1¥
BER .. =E—;memG(zm) (23)
G(z) = Im{[lg (-05,05; 1_"/[1_(1+1_"} ))+
+ ) /;rf/[L(1+f)]]l}_—-1, (24)

z, are the positive zeros of the Hermite polynomial of
order M (typically M = 15 is sufficient), w,, are their
corresponding weights and ,F(.) is the Kummer

confluent hypergeometric distribution. However, we have
been unable to independently verify the accuracy of this

expression for mean SNR values I' above 15 dB using
Monte Carlo simulations of the MBER.

A more complicated theoretical MBER expression for
independent Nakagami-m distributed fading branches can
be also expressed in the form of a single finite-range
integral and an integrand composed of tabulated
transcendental functions involving Hermite polynomials.

The BER .. =P, is
summarized below:

procedure to  determine

EGC

7l2

() fﬂ(‘i‘) mZH (%, /@) .0)dg, (25)

n=1

‘I"(U, (0) = R(U, §0) cos (@(U, (0))’ (26)

L
R(.9) =\ X*@)+Y2@) ] [VA*©)+B2), (@7
1=1

R L
x@):E%,o: 2Eb/ZN,
1=1

(28)
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Y (v,4) = —v(sing/D)* 1F1(0.5;1.5;0.5(usin ¢/D)2), (29)

A @) =1F (05-m;050%P/(4m)),  (30)

B (v) =
=T(m, +03)/T(m) B fm; u R |_1—m;;1.5;t.r‘1}}f[4m; I, (31)

L
O(.9) =tan”™ (Y (1.4)/X(9)) +Z tan~" (By(0)/4 (V) +

5.L+1—sgn(1<u¢) ngn[BI(U)]j (32)

i=1

L
n(¢) = 0.5sin* ¢/D? +0.25) " R /m, (33)

1=1
R= E(;/,z) is the mean received fading power on the /-th
E, = AZ/2R,
transmitted signal, N,/2 is the power spectral density of

the AWGN on /-th branch, m; is the fading severity

parameter of the /-th branch, x, are the zeros of the
N,-order Hermite polynomial H, (x), and H, are its
p n

branch, is the energy per bit of the

weight factors given by
N,-1
H, =2 Np!\/;/(NSHf,p_l(xn)). (34)

For Rayleigh fading with uniform diffuse fading power
profile and uniform noise power spectral density profile
across the diversity branches, we simply set m;= 1, N, =
Ny, and B =Py .

Since the above form for the EGC MBER is
computationally intensive (due to the presence of a
Kummer confluent hypergeometric function inside the
integration), we approximate its mean BER using the
Delta method:

E(0(/2h,) ~ e(VZE (FEGC)) +

BERkce ~

0507 @ (@)lx s, (35)
E(Tgec) =Ex M (0)/‘-’{.
o, =E; M%;C (0) /N§ ~E}Tzee)  (36)

where M (s) is the moment generating function of
the EGC fading power and

Q (\/5) =05exp(—x)1+x 1) /Jzx.  (37)
Eq. (35) is obtained by a one-step Taylor approximation
of Q( Ny ) about the mean E(I'gy) The

approximation is good if E(I'ge.) has a high probability

of being close to its mean (i.e. Amount of Fading (AoF) is
small).
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Dual Carrier Modulation. A separate study is devoted
for DCM since it is the employed Multi-Band UWB
modulation in this research. DCM’s superiority over
QPSK is widely accepted in the literature [44], [45] for
high rate UWB systems. We establish tight upper bounds
on the BER since a closed form canonical BER expression
cannot be obtained for DCM-detection. Assuming a
Rayleigh fading environment, the MBER expression is
upper bounded by

B(E) ﬁﬂ.zi[[:T_; —41?1:]_1;':41"_1\/%_5
T ) ) o731 () -
ST pT () (T ()
—45\’%}—3} T, = 722D INg 1 =12. (38)

For two symmetric channels, 1?1=1"_2=1:, Eqg. (38)
simplifies into
— 1/ 19 —
B(EY=— 3+— T/ T+5]|-
B =300 /(T+3)
e —— 9 ———
-3 \/41"/(414 5) - E\(91"/(914 5 ] . (39)

4. Simulation and Results

4.1. MBER of the GIMF Receiver

The performance measure MBER is undoutebly the

Innowvation fitter input
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hardest metric to calculate, yet, it is the most revealing
criteria about the system’s behavior and the one most
often deployed in performance evaluation studies. For
simulation purposes, MC-OFDM with DCM modulation
is implemented. The receiver structure comprises the
GIMF detector described in sec. 3.1 and the received
UWRB signal conforms to the IEEE 802.15.3a channels
standard presented in the introduction section and in
section 2.

The received signal at the input of the GIMF and the
filtered signal at the output of the GIMF are depicted in
Fig 1 for 480 Mbps-DCM in a Rayleigh fading CM4
channel and ACN with a Gaussian PSD. It is observed
that GIMF exhibits a smoothing effect on the scattered
multipath signal, and consequently, the amount of fading
(mean-to-standard deviation ratio of the instantaneous
SNR [46-48]) is increased, thus causing a reduction in the
MBER and an enhancement in the average system
throughput.

The synthetic and theoretical MBER graphs are
displayed in Fig 2 in terms of the average SNR per bit.
The small discrepancy between empirical and theoretical
MBER curves for CM4 channel is caused by the high
standard deviation of the CM4 fading power.

Assuming the same noise conditions, the 480
Mbps-DCM signal is detected using the classical matched
filter (CMF) in order to compare the resulting MBER
values to the ones obtained using our novel GIMF
structure. The empirical MBER curves are shown in Fig 3.
It is evident from Fig 3 that the GIMF performance is
superior to that of the CMF (all controlling parameters
kept the same). This is attributed to the innovation filter
characteristics of the GIMF which adaptively shapes the
PSD of the ACN.

Innowvation fiter output

n.o14

0015

00e 0.y

Figure 1. Received and processed UWB signals at the input and output of GIMF receiver with ACN in Rayleigh faded CM4
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Figure 2. Empirical vs theoretical MBER for the GIMF in a Rayleigh
faded CM4 channel with ACN and Gaussian PSD.
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Figure 3. Estimated MBER of the CMF detector compared to GIMF
for a Rayleigh fading channel with ACN and Gaussian PSD.

Figure 4 depicts the estimated MBER of the
GIMF-processed 480 Mps-DCM signal for all UWB
channels under ACN with a Gaussian-shaped power
spectral density. The fading stochastic models (by order of
severity) for CM4, CM3, CM2, and CM1 channels are
shadow-lognormal, Nakagami-m, Rayleigh, and Rician,
respectively. It is observed that CMI1 enjoys the best
performance due to the presence of a strong direct LOS,
while CM4 has the largest MBER because it is governed
by frequency selective fading and doubly stochastic
shadow multipath. At low SNR margins, CM1 and CM2
channels exhibit a similar performance. It is also noted
that the MBER values of CM3 and CM4 are very close.
The  analytical and  experimental studies of
MC-OFDM-UWRB presented in this work can be extended
to MIMO-OFDM [49-55].

Mean Bit Error Rate Analysis of High Rate IEEE 802.15.3.a UWB Channels

GIMF Detector for DCM Signal

ﬂ_{} CM4 channel

E“E
. . SEsER)
L
g CM2 channel CM3 channel
°© \G 'Ow;
3 CcM1 channel o
© ‘8
£
i 102
CM4(theor.)
—— CM4
------- cM3
—O— CM2
B oM
10'3 1 1 1 1
-10 -5 0 5 10 15

Mean[Eb/No] (dB)

Figure 4. Estimated MBER for GIMF-detected 480 Mbps-DCM signal
for Mode 1 CXs with ACN and Gaussian PSD.

4.2. Comparative Analysis Between our Model and the
CF-based Scheme at a RAKE Receiver

The mean BER (MBER) versus average SNR per bit
for different channel classes (CM1, CM2, CM3, CM4) is
tabulated in Table 3. The MBER values of our reduced
complexity Innovation-like receiver structure are
compared to those obtained using the CF-based
(characteristic function) computable model at a 10-finger
RAKE receiver developed by Wang et al [56]. We
observe that our model outperforms that of Wang et al
with significant improvements occurring for CM1 and
CM2 channels despite that fact the Wang’s model
employs a very large number of RAKE receiver fingers.
For CM3 and CM4 channel, our model outperforms the
CF-based structure for SNR below 8 dB. As anticipated,
CMI1 channel has the best performance and is taken as a
reference for comparison of SNR-gain. For 2% and 3% bit
error rates, a 2 dB-gain is achieved by our model.

Table 3. Comparison between the MBER of our model and the
CF-based model at a 10-finger RAKE receiver

1 2 10 1
SNR B gp 498 6de 8B o o
Channel Mean Bit Error Rate (MBER)
Class
CML(ur | 57 006 004 003 002 0013 0.009
model)
cM1
(CERAKE) | 017 015 011 008 003 002 001
CM2(our | 1 508 006 0048 0035 0025 0014
model)
cMm2
(CERAKE) | 02 018 015 01 005 003 0015
CM3(our | o3 02 0176 0137 011 008 005
model)
cM3
(CERAKE) | 024 021 018 014 007 005 003
CMa(our | 509 025 0207 0189 02 018 015
model)
CM4
(CERAKE) | 03 026 021 019 012 009 00
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5. Conclusions

In this work, the performance of MB-OFDM in
high-speed UWB was studied considering DCM
modulation and UWB channels that conform to the IEEE
802.15.3a standard. A novel GIMF receiver was
implemented as an extension to the classical RAKE
structure. Analytical MBER expressions were derived and
valided using simulated high-speed 480-Mbps DCM
signals over CM4, CM3, CM2, and CM1 UWB channels
subject to shadow-lognormal, Nakagami-m, Rayleigh, and
Rician fading statistics, respectively. All channels suffer
from additive colour noise with Gaussian power spectral
density. It was shown that the GIMF outperforms the
classical matched filter due to its capability to adaptively
capture the spectral characteristics of the interfering
multi-user ACN and shape its power spectral density
accordingly. Mean bit error rate results demonstrated the
superior performance of CM1 channel, while the worst
performance was attributed to the frequency selective and
shadow driven CM4 channel. For low SNR margins, CM2
and CMI1 channels exhibited a similar performance. For
SNR margins below 0 dB, the MBER values of CM4 were
nearly identical to those of CM3.

A qualitative comparative analysis was also performed
for the MBER that results at our Innovation-like receiver
structure and at a 10-finger RAKE receiver [56] based on
the CF computational model. It was found that our model
outperforms that of the CF-based scheme for CM1 and
CM2 channels for all SNR ranges, and for CM3 and CM4
channels for SNR values below 8 dB. For MBER values
of 2% and 3%, our model achieves a 2dB-gain over the
CF-based model even at a very large number of RAKE
receiver fingers.

Future Work

UWRB systems will be studied in channels governed by
partially developed scattering [57, 58] driven by an
underlying Poisson process with ARMA/AR rate [59-63].
In addition, machine learning detectors [64-67] will be
incorporated into UWB receivers. Since this work
assumed perfect channel state estimation, further
extensions are planned to employ advanced channel
estimation schemes [20], [30], [33-35] for the purpose of
optimizing the standard deviation of the imperfect channel
estimation. The implementation of UWB systems for
position allocation [68] and early tsunami detection
[69-72] will also be investigated. Finally, this work will
be further expanded as a research book chapter to
comprehensively cover UWB systems from a physical
layer perspective [73].
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