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ABSTRACT 

Windowed sinusoidal template-based correlator receivers are good candidates for high-data rate low-power 

Ultra Wideband (UWB) systems. Their performance approaches the performance of optimal detectors and 

provides low-power consumption. However, the ultra short pulses of UWB technology makes it sensitive to 

timing-errors. In this paper, the Bit-Error-Rate (BER) performance and maximum allowable data throughput 

of Equally-Correlated Pulse Position Modulation (EC-PPM) modulation scheme in the presence of timing-

jitter are studied and compared for low-power sinusoidal template based correlator receivers. Additive White 

Gaussian Noise (AWGN), Nakagami-m fading, industrially accepted on-body IEEE 802.15.6a and actual on-

body channels are considered. Numerical results show that the maximum SNR penalty when using sinusoidal 

templates is  ≈2 dB for the same BER and the corresponding data-throughput degradation is 5 Mbps. 

 

Keywords: Error Analysis, Low-Power Receivers, Timing-Jitter, Ultra-Wideband (UWB), Wireless Body 

Area Networks (WBANs) 

1. INTRODUCTION 

Impulse-Radio Ultra Wideband (IR-UWB) 

technology has the potential for very high data-rate, low-

cost and low-complexity transceiver design. In addition, 

IR-UWB systems operate at very low-power levels, -

41.3 dBm/MHz, due to their high fractional bandwidths. 

Such advantages make it an attractive candidate for 

emerging high data-rate applications of Wireless Body 

Area Network (WBANs). However, due to the very 

short durations of UWB pulses, they require high 

sensitivity against timing-errors (Guvenc and Arslan, 

2004; Lazaro et al., 2010; Shaban et al., 2011).  

Another important issue associated with the 

application of IR-UWB for high data-rate applications 

of on-body WBANs is the power consumption of the 

receiver. Typically, non-coherent UWB receivers, 

such as Transmitted Reference (TR) and Energy 

Detection (ED) structures are ideal for low-power 

applications of UWB systems. However, their 

performance is highly suboptimal as compared to 

coherent detectors. Recently, low-power suboptimal 

template-based correlator receivers have been 

proposed as an alternate candidate that provides an 

approaching performance to optimal detectors with 

low-power consumption (Shaban et al., 2009; 2010). 

In this paper, we study the effect of timing-jitter on 

the Bit-Error-Rate (BER) performance and data 

throughput of suboptimal sinusoidal template-based 

correlator receivers for WBAN applications. 

Specifically, we study the effect of timing-jitter on the 

BER performance of sinusoidal template-based 

correlator receivers for Equally-Correlated Pulse 

Position Modulation (EC-PPM) scheme in Additive-
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White Gaussian Noise (AWGN) and independent and 

correlated Nakagami-m channels. We also study the 

corresponding maximum allowable data throughput, 

which is dependent on the BER. Moreover, we provide 

numerical results based on semi-analytic simulations in 

the IEEE 802.15.6a on-body CM#3 UWB channel model 

(Yazdandoost and Pour, 2010) and actual on-body 

measurements for examining the performance of the 

investigated scheme for WBANs. 

The organization of the paper is as follows. Section 2 

introduces the optimal and suboptimal template pulses 

and their controlling design parameters. Then, Section 3 

studies the effect of timing-jitter on the theoretical BER 

and data throughput of EC-PPM scheme in AWGN and 

Nakagami-m fading channels. Section 4 describes the 

actual measurement setup and provides numerical results 

based on simulations and actual measurements. Finally, 

conclusions are given in Section 5.  

1.1. Template Pulse 

The n-th order Gaussian pulse ω0(t) has the form 

(Shaban et al., 2010) Equation (1): 
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where, τp is equal to half the pulse width Tp. Assuming a 

correlation receiver, the optimal template v(t) should be 

matched to the received pulse p(t) = ωn(t), where the 

pulse parameters are chosen to meet a specified Federal 

Communication Commission (FCC) system's allowable 

emission limits. When using a suboptimal sinusoidal 

template, the pulse width should be chosen to maximize 

the output Signal-to-Noise-Ratio (SNR). 

For a sinusoidal template v(t) = cos (ωc(t)) for a 

window-length T and carrier frequency ωc, the output 

SNR of the correlator receiver is given by (Shaban, 

2010; Sangyoub, 2002) Equation (2): 
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where, Eb is the bit energy, N0 is the noise Power-

Spectral-Density (PSD), Rpv(.) is the normalized cross-

correlation of the received pulse and the template 

waveform, τe is the timing error and Rw(.) is the 

normalized auto-correlation of the template pulse. 

1.2. Performance in AWGN and Multipath 

Channels 

In this section, we provide analytical analysis of 

the BER performance of suboptimal-template based 

coherent correlator receivers in AWGN and 

independent and correlated Nakagami-m channels 

assuming EC-PPM modulation. 

1.3. Performance in AWGN Channel 

Considering binary EC-PPM, with a transmitted 

pulse p(t), the transmitted signal is composed of Ns time 

shifted pulses with 2≤M<Ns and each signal is identified 

by a sequence of cyclic shifts of an m sequence of length 

Ns (Shaban et al., 2009). The optimal template is (Hu 

and Bueaulieu, 2005) Equation (3): 

 

v(t) p(t) p(t )= − − δ  (3) 

 

where, δ is the PPM modulation parameter. In the case of 

the optimum receiver, the BER can be minimized by 

choosing δ to minimize the autocorrelation Rpp(δ) 

(Remirez-Mireles, 2001) Equation (4): 

 

( )opt pparg min R ( )
δ

δ = δ  (4) 

 

where, arg(.) is the argument function. For M-ary EC-

PPM, the transmitted signal is composed of Ns time-

shifted pulses with 2≤M<Ns, where each signal is 

identified by a sequence of cyclic shifts of an m-sequence 

of length Ns [10]. The union bound on the bit error 

probability of EC M-ary PPM assuming an optimum 

receiver in the presence of timing-error is Equation (5): 
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where, Q(.) is the Gaussian tail function (Remirez-Mireles, 

2001; Simon and Alouni, 2000) and the normalized pulse 

autocorrelation  pp min pp optR R ( )δ� . 

The normalized cross-correlation function of the 

received pulse and sinusoidal template can be calculated 

as (Sangyoub, 2002) Equation (6): 
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where, Ev is the template pulse energy and Ep is the 

received pulse energy. 

To minimize BER, the value of δ should be chosen to 

minimize the correlation Rpvmin (δopt). In addition, at the 

receiver a sample time µ is chosen to maximize the 

correlation between the sub-optimal template and the 

generated pulse Equation (7): 

 

( )opt pvarg max R ( )
µ

µ = µ  (7) 

 

with Rpvmix = Rpv (µopt), the union bound on the bit error 

probability for equally-correlated signals in the presence 

of timing-jitter is calculated as Equation (8): 
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1.4. Performance in Dense Multipath Channel 

The BER of low-complexity Partial-Rake (PRake) 

receivers (Quek and Win, 2005), assuming EC-PPM 

modulation and optimal templates in the presence of 

timing-jitter in terms of the Moment Generating 

Function (MGF), Mηl, over a Nakagami-m channel 

with uniform Power Delay Profile (PDP) and Lp 

independent identically distributed (i.i.d.) paths is 

Equation (9):  
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where,

s 0E / LNη = . Ideal Rake (ARake) receivers capture 

all the energy in all L paths, i.e., Lp =L (Quek and Win, 

2005). Substituting with the MGF 
m

s
M (s) 1

m

−

η

η = − 
 

gives Equation 10. The probability of 

bit error of PRake receivers for EC-PPM modulation 

with a suboptimal template in the presence of timing-

jitter is as given in Equation 11. The MGF for correlated 

Nakagami-m fading is (Simon and Alouni, 2000): 
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where, ρuj is the fading power correlation between sub-

bands u and j (Simon and Alouni, 2000). The 

corresponding error probability is as Equation 15, where 

Equation (12): 
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1.5. Actual Measurements and Numerical 

Results 

In this section, we use the analysis provided in 

Section 3 to compare the performance of IR-UWB 

correlation receivers with optimal and suboptimal 

templates in AWGN and Nakagami-m channels in the 

presence of timing-jitter. We also provide results based 

on semi-analytic simulations in the IEEE 801.5.6a on-

body CM#3 UWB channel and actual on-body 

measurements. For our simulations, we assume the 

different Gaussian pulses with parameters that comply 

with the FCC indoor and outdoor masks.  

As was previously mentioned, windowed-suboptimal 

template pulses have been proposed in the literature as 

alternatives to optimal Gaussian pulses. Figure 1 shows 

the optimal and suboptimal templates assuming the 

eighth order Gaussian pulse Equation (13 and 14): 
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The corresponding autocorrelation and cross-

correlation functions are shown in Fig. 2. As can be 
seen, the cross-correlation function resembles the 
autocorrelation function, which consequently leads to an 
approaching performance. 

Typically, the normalized cross-correlation coefficient 
can be >0.9 for appropriate choice of the pulse parameters. 
However, this solution suffers from the sensitivity of the 
correlator output Signal-to-Noise Ratio (SNR) to timing-
errors. It is worth noting that receiver structures with 
suboptimal templates are more sensitive to timing-errors 
as compared to optimal receivers (Sangyoub, 2002). 
Nevertheless, with the appropriate choice of the pulse 
parameters this drawback can be minimized. Figure 3 
shows the BER of PRake receivers in independent 
Nakagami-m channels for two and four fingers and 
different values of timing-jitter values. Figure 4 shows the 
BER performance of EC-BPPM in the IEEE 802.15.6a 
on-body CM#3 UWB channel for different timing-jitter 
values. Figure 5 shows the corresponding data-throughput 
also for different values of timing-jitter. 

In order to evaluate the performance of the studied 

receiver for WBANs based on realistic data, actual 

measurements were taken at the Wireless at Virginia Tech 

research group labs. The following equipments were used: 

HP33120A function generator, TektronixCSA8000B 

Digital Sampling Oscilloscope, Geozondas pulser 

(GZ1106DL1, GZ1117DN-25) and antennas shown in 

Fig. 6. In the measurement setup, transmit and receive 

antennas having Line-of-Sight (LOS) link were attached 

to the test subject’s body and the subject was allowed to 

move. The received pulses were recorded and stored with 

pulse length = 4000 samples. 

The normalized reference pulse is depicted in Fig. 7. A 

sample received pulse along with the corresponding 

suboptimal sinusoidal template is shown in Fig. 8. The 

corresponding autocorrelation and cross-correlation 

functions are depicted in Fig. 9. The resulting BER 

comparison between optimal and suboptimal template 

based detectors is shown in Fig. 10 for different values on 

timing-jitter. According to the figure, suboptimal templates 

are traded for a negligible BER performance degradation. 

The corresponding maximum allowable data throughputs 

for optimal and suboptimal template based detectors are 

shown in Fig. 11 and 12, respectively. According to 

theoretical, simulation and measurement results, we can see 

that at a distance ≤10 m, data throughout approaches 70 

Mbps. The maximum SNR degradation is ≈2 dB and 

corresponding throughput penalty is 5 Mbps. 
 

 
 
Fig. 1. Eighth order Gaussian pulse and corresponding 

sinusoidal template 

 

 
 
Fig. 2. Autocorrelation and cross-correlation functions 
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Fig. 3. BER performance comparison of PRake receivers for M-ary equally-correlated pulse position modulation (EC-PPM) scheme in 

independent Nakagami-m fading channels with uniform PDP, assuming different values of Lp and M, for the fifth order Gaussian 

pulse with optimal and suboptimal templates 

 

 
 
Fig. 4. BER performance comparison of EC-BPPM mod-ulation in IEEE 802.15.6a channel CM #3 for the second order of the 

Gaussian pulse with optimal and suboptimal templates 
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Fig. 5. Data throughput comparison of EC-BPPM modulation in IEEE 802.15.6a channel CM#3 for the second order of the Gaussian 

pulse with optimal and suboptimal templates for different values of τe 

 

 
 

Fig. 6. UWB antennas manufactured by the Virginia Tech Antenna Group (VTAG) 
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Fig. 7. Normalized measured reference pulse 

 

 

 

Fig. 8. Sample received pulse from actual measurements along with the sinusoidal template 
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Fig. 9. Corresponding autocorrelation and cross-correlation functions 

 

 
 

Fig. 10. BER performance comparison of EC-BPPM modulation based on actual measurements for τe = 0, 5 and 10 psec 
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Fig. 11. Data throughput comparison of EC-BPPM modulation based on actual measurements for τe = 0, 5 and 10 psec with optimal 

template 
 

 
 
Fig. 12. Data throughput comparison of EC-BPPM modulation based on actual measurements for τe = 0, 5 and 10 psec with 

suboptimal sinusoidal template
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Table 1. Data-rates for physiological data monitoring 

(Chavez-Santiago et al., 2009; Takizawa et al., 2007) 

Biomedical measurement Data rate 

Electrocardiogram (ECG) 120 kbps 
Electromyography (EMG) up to 1500 kbps 
Heart beat rate 128 bps 
Oxygen saturation 80 bps 
Blood pressure 128 bps 
Body temperature 80 bps 
Real-time video ≈70 Mbps 

 
Generally, the low-power consumption of the studied 

receivers makes them attractive candidates for medical 
WBAN applications. In addition, as can be seen from the 
data-rate results, the achievable data throughput (even in 
the presence of timing-jitter) is on the order of tens of 
Mbps, which makes them suitable for the transmission for 
different types of medical signals, as depicted in Table 1. 

2. CONCLUSION 

Windowed sinusoidal template-based IR-UWB 
correlation receivers are attractive candidates for high 
data-rate and high performance WBAN applications. 
Their performance approaches the performance of 
optimal receivers with minimal BER and data throughput 
degradation. The performance of a IR-UWB correlation 
receiver with a suboptimal sinusoidal template was 
analyzed and compared to the optimum receiver for EC-
PPM modulation in the presence of timing-jitter. 
Numerical results based on theoretical analysis, 
simulations as well as actual measurements showed that 
the BER performance degradation is 2 dB as compared 
to the optimum receiver and the corresponding 
degradation in data throughput is 5 Mbps. 
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