
1. INTRODUCTION
Short-range wireless communication and ad-hoc 

networking can provide a device level wireless connectivity 
for battlefield monitoring and surveillance purposes. Such 
secured connectivity in wireless personal area networks 
(WPAN) needs to support multiple streams of high data 
rate (>100 Mbps), should consume very little power, and 
maintain low cost while sometimes fitting into a very small 
physical package1. Traditional wireless technology cannot 
meet these requirements. This has motivated an unprecedented 
development of ultra wideband (UWB) technology. 

The UWB radio technology is baseband transmission 
of sub-nanosecond pulses offering high bandwidth. It is an 
emission technique with very low transmitted power level over 
short communication ranges (< 10 m). Due to the availability 
of wide bandwidth and high resolution in time UWB signalling 
systems are very robust to interferences and multipath 
distortions. UWB thus offers a distinct advantage in having 
wireless connectivity with high data rates across multiple 
devices for WPAN applications (IEEE 802.15.4a) that make it 
suitable for defence applications.

However, the advantages of UWB system in terms of 
reduced complexity and robustness to multipath fading are 
constrained due to utilisation of highly narrow pulses2. This 
arises due to the effects of timing jitters, tracking errors and 
unstable clocks3 with jitter of 10 ps reported by Rowe4, et al. 
The relative mobility between transmitter and receiver adds to 
the asynchronisation problem. Immediate fallout of timing jitter 

is performance degradation of correlation receiver, resulting 
in reduction of signal-to-noise ratio (SNR)5-7. The effects of 
timing jitter on the bit error rate (BER) performance and data 
throughput for wireless body area network (WBAN) were 
compared for equally correlated-pulse position modulation 
(PPM) scheme in Nasr & Shaban8. A built in jitter measurement 
principle using tail fitting methods for jitter analysis is presented 
in Erb & Pribyl9. Analysis of a time hopping - pulse position 
modulation (TH-PPM) scheme in presence of timing jitter for 
a multipath fading channel is discussed in Gezici10. 

An indoor ad-hoc WPAN scenario is considered with 
multiple access connectivity between few sources (Nu users, 
say User 1 represents a navigation map, User 2 represents a 
data control information and so on.) and is shown in Fig. 1. 
This information available in the form of M-ary symbols at 
the cockpit of an aircraft is required to be accessed through 
a wireless channel by a helmet-mounted receiver of the pilot, 
forming an indoor WPAN scenario. 

The underlying idea in a time-hopping pulse shape 
modulation (TH-PSM)  scheme is to represent these M-ary 
symbols 0 1,..., , 1[ , ]i i i i ka a a a −=  with a set of K orthogonal pulses 

( )k tψ , 0 1,..., ( 1)[ , ]k−Ψ = ψ ψ ψ as basis functions11-12.  The ith 
symbol for the nth user will therefore be 
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The signal from each of the Nu users is superimposed to 
form a composite transmitted signal for a dense multiple access 
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environment. In Fig. 1, r(t) is the composite received signal 
and ( )tω  is the additive white Gaussian noise (AWGN). 
The advantage of M-ary PSM scheme is the requirement 
of less timing precision, better immunity to multipath and 
independence of the received signal polarity during detection13. 
It is proposed for achieving high data rates even in severe 
multipath fading scenarios11. 

In this paper, authors discussed TH-PSM scheme for ad-
hoc high bit rate wireless connectivity for multiple devices. 
The aim of this paper is performance comparison of the TH-
PSM scheme with respect to two UWB pulse shapes, namely 
modified Hermite pulses (MHP) and prolate spheroidal wave 
functions (PSWF) for ascertaining the system robustness to 
timing jitter. The analysis is done for dense multiple access 
environments for an AWGN channel as well as for a frequency- 
selective multipath environment. A new metric decision factor 
(Df ) was introduced to determine the tolerance to timing jitter 
for both the pulse shapes. It was also demonstrated the effect 
of timing jitter on the signal to interference and noise ratio 
(SINR) and bit error probability (BEP).

2. SySTeM MODel fOR TIMe-HOPPINg PUlSe 
SHAPe MODUlATION SCHeMe 
The message symbol from each user is mapped onto 

K orthogonal (M=2K) pulse shapes ( )k tψ . Since a single 
orthogonal set of pulses representing a symbol does not 
provide enough information the user data is modulated onto 
a parallel sequence of pulse shapes over Nf frames as shown 
in Fig. 2. However, continuous pulse transmission leads to 
strong spectral lines in the spectrum of the transmitted signal14. 
These energy spikes may interfere with other communication 
systems over short distances. To minimise such interferences, 
a randomising technique in the form of time hopping is applied 
to the transmitted signal that makes the transmission more 
noise like15 thereby making the system secure.

The transmitted signal for the ith symbol of the nth user as 
shown in Fig. 2. is

 1
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where 0 1,..., , 1[ , ]i i i i ka a a a −=  is the  K-tuple representation for the 
ith symbol i ∈{0, 1,.., M-1}. The frame time duration is Tf,  ε is the timing jitter at the transmitter modelled as uniformly 
distributed random variable U[- ε , ε ]8. Transmitted energy 
Etr is ideally the same for a perfect power control and Tc is 
the time slot for each UWB pulse. Total number of slots per 
frame is Nc where Tf = NcTc, and the total number of frames 
to represent a symbol is Nf. In a multiple access scenario, the 
transmitted pulses from many users may arrive at the receiver 
simultaneously. To avoid catastrophic collision due to such 
probable simultaneous arrival of received pulses, each pulse is 
made to occupy a particular slot in a frame in a random manner 
depending on a pseudorandom (PN) code cj 

(n), (0 < cj ≤ Nc-1) 
that is explained in Fig. 2.

3. ReCeIveD SIgNAl IN A MUlTIPle ACCeSS 
SCeNARIO IN gAUSSIAN CHANNel
The composite received signal from each of Nu users with 

AWGN ( )tω  is

figure 2. Schematic representation of M – ary TH-PSM scheme.

figure 1. System model for TH-PSM scheme.
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The SINR for the ith symbol of the desired lth user in a 

multiple access PSM scenario is 

derived as 
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Here, ( , ) ( )l lϕ ε  is the autocorrelation function (ACF) 
between the template and received signal of the desired lth 
user

( , ) ( ) ( ) ( ) ,l l l lt t d
∞

−∞

ϕ ε = ψ ψ − ε ε∫                                        (5)

2
MAIσ is the variance due to multiple access interference 

and 2
ωσ  is the variance due to AWGN.

3.1 Multiple Access Interference  
The sum of interferences to each frame of the lth correlator 

(template for the desired user) due to signal from user n (n≠ l) 
is given as ZMAI and is shown in Fig. 3 for a single frame of 
transmission.
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Depending upon the value of ci
(l) the template would 

occupy one of the slots out of  [1, 2, ..., Nc] for each bit in a 
frame of the lth user. Based upon the magnitude of the timing 
jitter  an overlap of pulses will occur. Cross-correlation for other 
users (n≠l) with the template of the lth user would exist only for 
those slots. Probable interferences between the template for the 
kth bit of ith symbol of the desired (lth) user and received kth bit 
of the undesired user (n ≠l) are provided in the following cases 
and is also depicted in Fig. 3.
Case I - For slots Tc ϵ [2,...., Nc-1]: The correlation between 
ith symbol of the nth user and template of lth user refers to a 
situation when both the pulses are of the same slot and the 
overlap is only due to the delay difference in timing jitter. Also 

there is an overlaying of the template pulse with adjacent slots 
within the same frame due to jitter delay ( ±ε ).
Case II- For slot Tc = 1: In this case correlation between the kth 
bit of  (i-1)th symbol of the nth user and desired lth user template 
would result due to an overlap of  ( )cT + ε  for (i-1)th symbol 
of the nth user and the ith symbol of the template. The overlap 
of the kth bit of (i+1)th symbol of the undesired user and the ith 
symbol of the template is similarly due to ( )cT − ε . 
Case III- For slot Tc = Nc: This is similar to Case II except that 
the correlation is now between ith or (i+1)th symbol of the nth 
user and desired lth user template.

The total MAI is the sum of interference of the above 
cases for each of (Nu – 1) users. Assuming the MAI and the 
noise to be approximately Gaussian distributed, we obtain the 
mean MAI as

{ } 11[Z ] [ ( )] [ ( | |)]
2 2MAI c

c c

E E E T
N N

γ
= ϕ ε + ϕ − ε =          (7)

The variance is calculated as

2 2
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− −
σ ≈ γ + γ + γ                             (8)

where
1 [ ( )] [ ( | |)]cE E Tγ = ϕ ε + ϕ − ε                                      (9a)

2
2 [ ( | |)]cE Tγ = ϕ − ε                                                     (9b)

3 [ ( ) ( | |)]cE Tγ = ϕ ε ϕ − ε                                                 (9c)                        

Each of Nu users in a PSM scheme utilise different sets 
of orthogonal basis functions ( )tψ  so that , ( ) 0n lϕ ε ≈  in 
Eqn. (4). Also large values of Nc in Eqn. (7) results in smaller 

2
MAIσ . The average BEP for a wireless communications system 

being inversely proportional to the SINR, a large value of 
, ( )i jϕ ε  along with a smaller value of 2

MAIσ  would yield a 
smaller average BEP. Consequently, correct estimation of the 
ith symbol is governed by the area under , ( )n lϕ ε .

4. ReCeIveD SIgNAl IN A MUlTIPATH CHANNel 
fOR MUlTIPle ACCeSS SCeNARIO 
The authors adopted a discrete multipath channel model 

in a frequency-selective environment whose impulse response 
( )h t is 

1
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where lα  and lτ  are the fading coefficients and the 
corresponding multipath delay for the lth path respectively. We 
assume that the minimum path time resolution is equal to the 
pulse-width ( )p p cT T T≈ such that the multipath components 
arrive at some integer multiple of pT , i.e., l plTτ = . We also 
assume that multipath components are mutually uncorrelated 
and considering closely spread users in an indoor environment 
the number of multipath components to be the same (L) for 
each user. The fading coefficients representing the path loss 

lα  follow a probability density function as specified in IEEE 
802.15.4a channel model and is applicable in the 2 GHz - 10 
GHz frequency range.figure 3. Schematic representation of probable cases of MAI.
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The composite received signal from all Nu users for the ith 
symbol with L path components is 

1 1
( )

0 0

( ) (t ) (t)
uN L

n
l i p

n l

r t s lT
− −

= =

= α − +ω∑∑                                (11) 

In a multiuser scenario with L copies of received signal for 
each transmitted signal due to multipath, one needs a co-channel 
demodulation for simultaneous detection of all signals. The 
authors adopted a RAkE combiner16 with the assumption that 
the reference or template waveform is perfectly synchronised 
with the desired signal. The template for the kth bit correlator 
of the nth user with L branches representing as many multipath 
components is

1
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n n
k p k f j c p

p

t t jT c T pT
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=

Ψ = β ψ − − −∑                    (12)

where ( )n
pβ  is the RAkE combining coefficient for the pth  

branch of the RAkE combiner. The delay pTp is introduced to 
synchronise for the delay due to the pth multipath. The delay 
spread of the channel is assumed to be not larger than the frame 
time fT , i.e, c cL N T≤ .  

The pth  branch template of the RAkE combiner represents 
the pulse-shape corresponding to the kth bit of PSM from the 
transmitter delayed by p ppTτ = . The composite received 

signal 
1

( ) ( )

0

( ) ( ),
L

n n
k p k f j c p

p

t t jT c T pT
−

=

Ψ = β ψ − − −∑  consists of 

multiple copies of pulses from all Nu users due to multipath 
effects. The decision statistics at the correlator output of the pth 
branch template for the desired user (n = 1) is

( 1) 1 1 1
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            (13)
where

( , )

0

( ) ( ) ( )
fT

l l k p p pt lT t pT dtϕ ε = ψ − − ε ψ −∫                    (14)

and the random delay kτ  represents the delay difference 
between the incoming signal due multipath and timing jitter 
delays and the template, [( ) ]k pl p Tτ = − + ε .

4.1 Determination of SINR in a Multipath-Multiple 
Access Scenario
The correlation between the pth - branch template for the 

kth bit of the desired user (n = 1) with the composite received 
signal r(t) may lead to the following probable cases in the 
receiver and are described in Fig. 4.
Case I: Assuming perfect synchronisation, the lth multipath 

component of the kth bit of the desired user is 
autocorrelated with those of the template (l = p) 
yielding the desired signal component, ZDES.

Case II: The lth multipath component of the kth bit in the jth 
frame of the desired user spill over to the adjacent 
(j+1)th frame due to multipath and timing jitter, and 
overlap with the pth branch template of the same 
order in the (j+1)th frame resulting in inter-frame 
interference, ZIFI..

Case III: Some of the multipath components of the kth bit of 

fig. 4 Pulse correlation between pth branch template of kth bit with composite received signal.
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the desired user would interfere with the qth ( ≠ k) 
bit of the template causing multi-pulse interference, 
ZMPI.

Case IV: The sum of interference to each frame of the pth 
correlator branch of the kth pulse due to signal from 
other users (Nu-1) is given as the multiple access 
interference, ZMAI. 

The decision statistics in Eqn. (13) terms of desired signal 
and the interferences is

( ) DES IFI MPI MAIy t Z Z Z Z Zω= + + + +                           (15)
and Zω  is the interference due to AWGN.

The SINR for multiple access scenario in a multipath 
environment is given as

2

2 2 2 2

( )
( )
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Z
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ω

=
σ + σ + σ + σ

                               (16)

The probability of error for the pth correlator branch of the 
kth bit is the BEP and is given by 
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Selection of mutually exclusive set of orthogonal pulses 
for different users reduces 2

MPIσ  and 2
MAIσ   significantly. 

However, the effect of 2
IFIσ  is not negligible.

5. DeTeRMINATION Of  TOleRANCe TO JITTeR 
by DeCISION fACTOR MeTRIC
Probability of error in Eqn. (17) is found to be dependent 

on the auto- and cross-correlation functions between the 
received and the template pulses. To yield a smaller value 
for average BEP, a large value of ACF ( )kkϕ ε  for the desired 
signal and a smaller value of variance 2

IFIσ   due to interferences 
is desirable. Consequently, correct estimation of the kth bit in 
the ith symbol is governed by the area under ( )kkϕ ε . Since the 
magnitude of ( )kkϕ ε  goes down with higher amount of delay 
due to timing jitter ε , an upper-bound of timing jitter ( )thε
is  estimated corresponding to a threshold value of ( )kk thϕ ε . 
This corresponds to a value of SINR below which the detector 
would estimate a bit erroneously. 

We define a decision factor Df in DESZ  as the ratio of 
the overlapping area under the ACF due to the received pulse 
with jitter above thε of the desired user (n = 1) to the total area 
under the ACF. Since for DESZ , l = p resulting in kτ = ε , one 
obtains
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ACF being an even symmetrical function. 
In the worst case scenario, the SINR becomes minimum 

when the contribution due to IFIZ  is maximum. For such a case 

SINR at the pth branch of the kth bit correlator in terms of Df may 
be expressed as
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where
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               (20)

As the system model parameters Etr, Nc, Nf, Tf, and L 
remain the same and the multipath channel impulse response 
being independent of the pulse shape, the system performance 
for TH-PSM with respect to SINR effectively depends on the 
pulse shape parameters, Df and ( )kkϕ ε .  

6. ReSUlTS AND ANAlySIS Of SINR fOR PSWf 
AND MHP PUlSe SHAPeS
For analysing the performance of TH-PSM scheme in 

presence of timing jitter MHP and PSWF pulse shapes since 
these pulse shapes were considered exhibit the property of 
orthogonality and optimally utilizes the restrictions imposed 
by FCC regulated spectral mask17. Due to its unique property 
of double orthogonality in time and frequency representations 
and spectral efficiency, PSWF pulses are an attractive option18. 
With an additional degree of freedom in terms of time-
bandwidth product ‘c’ besides pulse shape order ‘n’, one has 
the option for selecting a larger set of basis functions with 
PSWF pulse shapes. 

MHP and PSWF pulse shapes of width pT  = 2 ns, orders 
n = 2, 4, and 6 and time bandwidth product c = 2, 4, and 6 have 
been considered. The normalised ACF plot for PSWF (in black 
color) and MHP (in red colour) with n = 6, c = 6 is shown in 
Fig. 5. In the Fig. 5 ( )thϕ ε implies the value of ACF at a timing 
jitter of thε . The timing jitter threshold thε  for each order is 
taken as 10, 20 and 40 picosecs. The decision factor metric 
Df evaluated for PSWF and MHP pulse shapes for different 
jitter delays is shown in Table 1. From Fig. 5 and Table 1, it is 
observed that
• For the same order of pulse shape n, ( )f PSWFD is greater 

than ( )f MHPD . This indicates that SINR for PSWF will 
always be greater than MHP for all orders of pulse shapes 
as is evident from Eqn. (19).

• For the same value of thε , ( ) | ( ) |
th thth PSWF th MHPε εϕ ε >> ϕ ε

implying higher value of SINR for PSWF compared to 
MHP. This result is shown in Fig. 5 for n = 6 and c = 6 where 

(40 sec ) 0.7498PSWFp sϕ =  and   (40 sec ) 0.2903MHPp sϕ =
for 40 secth p sε = . Hence for similar jitter conditions, the 
detection of symbols mapped by PSWF pulse shapes is 
better than those mapped with MHP pulses.

• For the same value of ( )thϕ ε , thε  is larger for PSWF 
pulse shapes than for MHP. This implies that for the same 
SINR, the TH-PSM signaling scheme-based on PSWF can 
demonstrate better tolerance to timing jitter. From above, 
it was conclude that the upper-bound of timing jitter 
for better SINR is larger for PSWF than for MHP pulse 
shapes. The reason for such behaviour can be attributed 
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from Figs 6 - 7 that SINR for PSWF wave-shapes with constant 
c reduces while BEP increases as the order n of pulse increases. 
On the other hand, for the same n the SINR for PSWF increases 
while BEP reduces as c increases. The above corroborates the 
variation of Df  with order and type of pulse shapes. 

7. CONClUSIONS
In this paper performance analysis of UWB signaling 

system using TH-PSM modulation scheme for a WPAN 
environment has been discussed. A frequency-considered  
selective multipath fading channel was in a multiple access 
scenario in the presence of timing jitter. The objective of 
performance analysis was to obtain higher SINR and lower 
BEP with respect to pulse shapes such as MHP and PSWF. The 
tolerance to timing jitter is compared for PSWF and MHP by 

MHP PSWf
n (ps) c = 2 c = 4 c = 6

2
10 0.79147 0.95192 0.95685 0.95956
20 0.59222 0.90497 0.91429 0.91927
40 0.25855 0.81452 0.81451 0.81443

4
10 0.72284 0.91437 0.91092 0.91637
20 0.46772 0.83265 0.82577 0.83561
40 0.10399 0.68107 0.66768 0.68340

6
10 0.67025 0.87877 0.87509 0.87436
20 0.37806 0.76566 0.75845 0.75196
40 0.03122 0.56394 0.55054 0.53333

Table 1. Decision factor (Df) for MHP and PSWf

figure 7. beP vs Jitter for MHP and PSWf of order n = 4, 6 and c = 2, 8.

figure 5. ACf plots for MHP and PSWf of order n = 6 
and c = 6.

to the smaller de-correlation time for MHP compared to 
PSWF for the same pulse width.
The variation SINR and BEP as given in Eqns (17) and 

(19) in terms of Df is simulated with the following parameters:  
Nc = 10, Nf = 3, l = 10, al = 0.5817 and 2 0.001ωσ = . The effect 
of timing jitter on SINR and BEP for both PSWF and MHP 
is shown in Figs 6 - 7. It was observed that for thε > 9 ps, the 
SINR for PSWF is higher compared to MHP for the same n 
irrespective of c. The degradation of SINR with jitter was also 
found to be sharper in case of MHP compared to the graceful 
degradation for PSWF. On the other hand the BEP of MHP for 
all orders was higher than those of PSWF. It was also observed 

figure 6.  SINR vs Jitter for MHP and PSWf of order n=4, 6 and c=2, 8.
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introducing a new metric decision factor (Df). It is demonstrated 
that in M-ary PSM scheme for the same value of timing jitter 
PSWF wave shapes yield a better SINR. Also for the same 
ACF, a higher upper bound of timing jitter exists for PSWF. 
This implies that PSWF wave shapes are more robust to timing 
jitter compared to MHP. This is also shown by the variation of 
BEP with respect to jitter. The receiver performance in terms 
of SINR is found to degrade rapidly for MHP as compared to 
PSWF with increase in timing jitter.
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