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Abstract—This paper demonstrates the effects of code cardi-

nality at transmitter section on bit error rate (BER) perfor-

mance of time hopping pulse position modulation (TH-PPM)

based ultra wideband (UWB) indoor radio communication.

In the transmitter, different code cardinality values have been

chosen and correspondingly the effects on BER of the system

have been investigated. The recently accepted IEEE 802.15.3a

model of the UWB channel has been used as the propaga-

tion channel model in indoor environment. Results show that

the system BER performance is significantly dependent on

the code cardinality value of time hopping code. For such

higher code cardinality values as in the range from 30 to 50,

the BER performance degrades severely. Finally, code car-

dinality in the range from 10 to 15 has been recommended

for TH-PPM system in UWB indoor communications provid-

ing better BER performance for the same system data rate

requirement.

Keywords—code cardinality, multiple-user interference, TH-

PPM, ultra wideband.

1. Introduction

Ultra wideband (UWB) transmission systems are seen as

very promising solutions for many wireless indoor and

short-range communication environments such as ad hoc,

home, personal and body area networks, since they can ex-

ploit the 3–10 GHz unlicensed spectrum [1]. Impulse radio

UWB (IR-UWB) systems are one of the two main streams

of UWB technology. In IR-UWB systems, subnanosecond

pulses are transmitted in the wireless medium. For time

hopping (TH) UWB radio, it is indicated that both modula-

tion method and TH code influence the bit error rate (BER)

performance of the system [2]. However, the effect of TH

code properties directly on the BER performance still lacks

enough research attention. Code cardinality is an important

characteristic in case of TH code used for time hopping

pulse position modulation (TH-PPM) systems. This is why

the effect of code cardinality on BER is a significant inves-

tigation in this field. Time hopping is a popular multiple

access scheme used especially with pulse position modu-

lation (PPM). For a typical time hopping format employed

by an energy normalized impulse radio signal, the output

signal of the kth transmitter can be expressed as
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where c
(k)
j is the distinct time hopping sequence, t is the

transmitter clock time, wtr is the transmitted monocycle

waveform, Tf is the pulse repetition time or the frame

time, Tc is the chip duration, δ is the modulation in-

dex used to distinguish between pulses carrying the bit 0

and the bit 1 for PPM scheme and d j is the information

symbol [3].

To eliminate catastrophic collisions due to multiple access,

each user (indexed by k) is assigned a distinctive time shift

pattern called a time hopping code. This provides an ad-

ditional time shift of c
(k)
i Tc seconds to jth monocycle in

the pulse train. The modulation index δ can be chosen

to optimize system performance. For performance predic-

tion purposes, the data sequence
{

d
(k)
j

}∞

j=−∞
is modeled

as a wide-sense stationary random process composed of

equally likely symbols. In TH multiple access scheme, the

“pulse repetition time” or “frame time” between two con-

secutive pulses is divided into a number of smaller time

slots, the length of each slot being called as “chip dura-

tion”. Code cardinality, denoted as Nh, is the total number

of such time slots within each frame time. Moreover, each

information bit is transmitted using NS consecutive pulses,

leading to (NS, 1) repetition code. The resulting informa-

tion bit rate is thus Rb =
(

NS Tf

)−1
. In this paper, the effect

of code cardinality on BER performance of the system has

been investigated and corresponding results have been pre-

sented. The effect of pulse repetition rate, NS for different

code cardinality values is also shown. The simulations have

been performed for a typical 16.6 Mbit/s indoor UWB sys-

tem, however, the nature of how the system performance

would deviate in case of increased data rate requirements

is also indicated by showing results for 50 Mbit/s and

100 Mbit/s TH-PPM systems.

The paper is organized as follows: Section 2 provides

a brief description of the specific pulse shape used. The

discussion is followed by Section 3 describing briefly the

system model. Results obtained in this investigation have

been presented in Section 4. Finally, Section 5 concludes

the paper.

2. Ultra Wideband Pulse Shape

The selection of the most appropriate pulse shape for UWB

transmission requires that it match the Federal Communi-

cations Commission (FCC) regulated power spectral den-

sity (PSD) mask in a reasonably good manner and at the

same time increases signal bandwidth. Considering the nth

derivative of Gaussian pulse as the transmitted pulse of

UWB transmission, where Amax is the peak power spec-
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tral density that has been set as limit by the FCC in USA,

the PSD of the transmitted signal can be expressed as [4]

|Pt( f )| ≡ Amax|Pn( f )| =
Amax(2π f σ)2n

e
{−(2π f σ)2}

nne(−n)
. (2)

Based on normalized PSD of nth order Gaussian deriva-

tive pulse, applying bisection method as shown in [4],

the fourth order derivative of Gaussian pulse with pulse

shaping factor of 0.168 ns has been chosen in our simu-

lations. This is because as shown in Fig. 1 this specific

Fig. 1. PSD of 4th order derivative of Gaussian pulse fulfilling

indoor UWB PSD requirement for indoor systems.

condition fulfills the FCC regulated PSD mask in the most

appropriate manner. Figure 1 also presents the effect of

higher order Gaussian derivative pulses on FCC regulated

PSD mask for UWB indoor communications. The basic

fourth order derivative of Gaussian pulse has been illus-

trated in Fig. 2.

Fig. 2. Fourth order derivative of Gaussian pulse.

3. System Model

In this paper, the effects of different code cardinality val-

ues on bit error rate have been studied with the most recent

IEEE 802.15.3a [5] UWB channel model. The overall sys-

tem model is shown in Fig. 3 and is described in detail in

the following.

3.1. Transmitter Section

Time hopping multiple access has been used along with

PPM modulation scheme in the transmitter. The transmitter

specifications along with the remaining parameters used

in simulation of the complete system have been presented

in Table 1. The fourth derivative of Gaussian pulse with

a power decay factor of 0.168 ns best satisfies the FCC

regulated PSD mask and so it has been used in this paper.

Table 1

Parameters used in simulation of the complete system

Parameter Value used in simulation

Source data rate 16.6 Mbit/s

Processing gain 20.79 dB

Average transmitter power –30 dBm

Sampling frequency 30 GHz

No. of pulse per bit 1, 2, 4, 8

Frame time 60.1 ns

Periodicity of the TH code 2000

Chip time 1 ns

Multi-user interference Single user and multiple
user scenarios

Receiver Selective RAKE, 8 arms

Channel model IEEE 802.15.3a,
CM-3: 4–10 m, NLOS

Modulation scheme PPM

Multiple access TH

Time shift for PPM 0.5 ns

Pulse shape Gaussian 4th derivative

Pulse width 0.5 ns

Pulse decay factor 0.168 ns

Code cardinality 5, 10, 15, 20, 30, 50

3.2. IEEE 802.15.3a UWB Channel Model

In IEEE 802.15.3a UWB multipath channel model, a mod-

ified Saleh-Valenzuela model has been adopted on the basis

of observed clustering phenomenon in several channel mea-

surements. Log-normal distribution rather than a Rayleigh

distribution for the multipath gain magnitude has been rec-

ommended. In addition, independent fading is assumed for

each cluster as well as each ray within the cluster. There-
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Fig. 3. The system model.

fore, the discrete-time impulse response of the multipath

channel model can be described as [6]

hi(t) = Xi

L

∑
l=0

K

∑
k=0

α i
k,lδ

(

t −T i
l − τ i

k,l

)

, (3)

where {α i
k,l} are the multipath gain coefficients, {T i

l } is

the delay of the lth cluster, {τ i
k,l} is the delay of the kth

multipath component relative to the lth cluster arrival time

(T i
l ), {Xi} represents the log-normal shadowing and i refers

to the ith realization.

So, according to the model, Tl represents the arrival time

of the first path (ray) of the lth cluster; τk,l is the de-

lay of the kth path (ray) within the lth cluster relative to

the first path arrival time, Tl . The IEEE 802.15.3a channel

model has been already explained in several available lit-

erature, e.g., in [6], for four special cases depending on

transmitter to receiver distance and the availability of line

of sight (LOS) path between them. In this paper, CM-3

(4–10 m, NLOS) condition of the channel has been used

because CM-3 represents a typical indoor environment in

the transmitter-receiver distance of 4–10 m. The corre-

sponding channel parameters are shown in Table 2.

Table 2

Model parameters in IEEE 802.15.3a UWB channel [6]

Model parameters
CM-3

NLOS at 4–10 m

Cluster arrival rate, Λ [1/ns] 0.0667

Ray arrival rate, λ [1/ns] 2.1

Cluster decay factor, Γ 14

Ray decay factor, γ 7.9

Std. dev. of cluster log-normal
fading, σ1 [dB]

3.3941

Std. dev. of ray log-normal fading,
σ2 [dB]

3.3941

Std. dev. of total multipath
log-normal fading, σx [dB]

3

3.3. Receiver Section

In the receiver section, selective RAKE receiver has been

used. The received signal is the sum of replicas of the trans-

mitted signals. The received signal is, therefore, expres-

sed as

r(t) = X
L

∑
l=1

K

∑
k=1

αk,l str(t −Tl − τk,l)+ (n(t)+ n f (t) , (4)

where str(t) is the transmitted signal which suffers from

attenuation and time delay in multipath propagation,

n(t) is zero mean AWGN (additive white Gaussian noise)

and n f (t) is the multiple user interference signal. The re-

maining symbols are as described in Subsection 3.2.

For simulation of this study RAKE receiver with 8 arms has

been chosen. This is because in our simulation 8 RAKE

arms have shown to give better results providing a trade-off

between number of RAKE arms and desired BER of the

system. First arm is locked to the first multipath compo-

nent, m1. Multipath component, m2 arrives τ1 time units

later than m1 and is captured and so on. All decision statis-

tics are weighted by a weighting factor, α to form overall

decision statistics. The signals are then integrated over the

entire period. The integrated signal is then compared with

the appropriate threshold value to receive the better esti-

mate of the transmitted signal. Hard decision detection

(HDD) has been chosen at the receiver section because in

our simulation results HDD has been found to be more

efficient than soft decision detection (SDD) for TH-PPM

UWB systems.

4. Results

Code cardinality (Nh) has a significant effect on the sys-

tem bit error rate in case of TH-PPM UWB system using

IEEE 802.15.3a UWB channel model. Code cardinality

influences BER performance at the receiver quite signifi-

cantly if its value is as large as in the range from 30 to 50.

As shown in Fig. 4 the system BER performance is almost

unchanged when code cardinality value is low, e.g., in the

range from 5 to 20. In this range BER performance is al-

most independent of the code cardinality for up to an Eb/No

value of 12 dB, but beyond that point the BER performance

degrades for higher code cardinality values. For instance,

the condition of Nh = 20 gives comparatively worse perfor-

mance compared to that of Nh in the range from 5 to 15.

On the other hand, our simulation results show that when

code cardinality value (Nh) is set at 30, the BER perfor-

mance degrades significantly. Also, if code cardinality is
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Fig. 4. BER performance for various code cardinality values, at

a distance between transmitter and receiver of 5 m, with 8 selective

RAKE arms, one pulse per information bit, NS = 1, no multiple

user interference.

again increased to 50 the performance is the worst of all.

It is important to note that all of the above cases have been

simulated for a TH-PPM system of a data rate capacity of

16.6 Mbit/s with the number of pulses to represent one bit

(NS) set as NS = 1. For our study, the frame time (TS) of

the TH-PPM transmitter has been chosen as 60.1 ns, which

makes the overall data rate 16.6 Mbit/s. The chosen val-

ues of NS and TS pair determine and limit the maximum

number of elements in the code cardinality vector, i.e., the

value of code cardinality (Nh) in TH-PPM transmitter sec-

tion. In view of the above discussions it is evident that the

effect of code repetition rate (NS) and the frame time (TS)

should also be investigated along with the effects of code

cardinality on BER performance of TH-PPM system.

Fig. 5. BER performance for different code repetition rates

at distance between transmitter and receiver of 5 m, 8 selective

RAKE receiver arms, code cardinality, Nh = 5, no multiple user

interference.

Figure 5 shows the effect of code repetition rate (NS) of

TH-PPM transmitter on overall system BER performance.

Again, the system is considered as a 16.6 Mbit/s TH-PPM

system with a constant value of code cardinality set at

Nh = 5. In order to keep the data rate constant all through,

the chosen values of (NS, TS) pair as used to generate the

results in Fig. 5 have been illustrated in Table 3.

Table 3

Chosen values of (NS, TS) pair for Fig. 5

Code repetiition
rate, NS

Frame time, TS

[ns]
Data rate = 1/(NSTS)

[Mbit/s]

1 60.1 16.6

2 30 16.6

4 15 16.6

8 7.5 16.6

As presented in Fig. 5 at a code cardinality value of Nh = 5

for a 16.6 Mbit/s TH-PPM UWB system, higher code rep-

etition rates result in severe performance degradation. For

example, for a desired BER of 2 ·10
−2, one pulse per infor-

mation bit condition (i.e., NS = 1) provides Eb/No gains of

5 dB, 6.5 dB and 7.5 dB over the performances of NS = 2,

NS = 4 and NS = 8 cases, respectively. However, this is also

important to note that these results are not the results for

the effects of data rate on BER of TH-PPM system, which

is usually done by varying any or both of code repetition

rate, NS and frame time, TS.

As mentioned earlier, the results presented so far have been

obtained from simulations based on a 16.6 Mbit/s TH-PPM

UWB system. However, the effect of higher system data

rate requirements on BER performance has also been shown

in Fig. 6. It is clearly illustrated in Fig. 6 that if the sys-

tem data rate requirement is increased from 16.6 Mbit/s to

50 Mbit/s or 100 Mbit/s, the BER performance degrades

Fig. 6. BER performance of TH-PPM UWB system at different

system data rate requirements, at distance between transmitter and

receiver of 5 m, 8 selective RAKE receiver arms, no multiple user

interference.
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Fig. 7. BER performance of TH-PPM UWB systems with: (a) 1; (b) 5; (c) 10; (d) 20 interfering users for various code cardinality

values, at a distance between transmitter and receiver of 5 m, with 8 selective RAKE arms, one pulse per information bit, NS = 1.

enormously. In view of the simulation results so far ob-

tained in our work, a code cardinality value of 10 to 15

is recommended for a 16.6 Mbit/s TH-PPM UWB system

with no multiple user interference, because such a condi-

tion provides the best BER performance for TH-PPM UWB

indoor communication system.

Moreover, system BER performance for different multiple

user scenarios of 1, 5, 10 and 20 interfering users has

also been shown in Fig. 7. Results in Fig. 7 suggest that

BER performance is almost the same for all code cardi-

nality values unless it is as high as Nh = 50. As a result,

a code cardinality value of 10 to 15 can also suit well for

TH-PPM UWB systems with multiple user interference. It

is also noted that TH-PPM UWB system suffers serious

performance degradations in the presence of multiple user

interference.

5. Conclusions

In this paper, the effect of code cardinality on the BER

performance of TH-PPM UWB communication system has

been presented. TH-PPM scheme has been chosen to inves-

tigate into this effect because TH-PPM is the most widely

used scheme for impulse radio systems. The simulations

in this study considered both single and multiple user sce-

narios. Separate results have also shown the effect of pulse

repetition rates along with those of code cardinality. This is

because in simulating the effect of code cardinality only one

pulse per bit transmitted has been used and so investigation

into multiple pulses per bit transmitted is worth-considering

in TH-PPM UWB systems. Another important implication

of investigating into code cardinality in case of TH-PPM

UWB systems is that the PSD of the TH-PPM transmitter

signal is related to code cardinality. That is why an appro-

priate analysis of code cardinality and its influence on BER

of the system needs much research attention.

This paper concludes that a code cardinality value in the

range from 10 to15 can be recommended as the most ap-

propriate code cardinality value for 16.6 Mbit/s TH-PPM

UWB systems with both single and multiple user scenarios,

especially in view of BER performance. However, for other

systems the code cardinality value must be chosen giving
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much attention to code repetition rate and frame time as

well as to the data rate requirement of the system.
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