M. Herceg, R. Grbié, T. Svedek Analiti¢ka evaluacija performansi Pulsno Pozicijsko Amplitudne Modulacije u IR-UWB sustavima s vremenskim poskakivanjem u...

ISSN 1330-3651
UDC/UDK 621.391.822:621.376.2

ANALYTICAL PERFORMANCE EVALUATION OF TIME-HOPPING PULSE POSITION
AMPLITUDE MODULATION IR-UWB SYSTEMS UNDER MULTI USER INTERFERENCE
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In this paper, the characteristic function (CF) method is used to derive symbol error rate (SER) expression for time-hopping impulse radio ultra—wideband (TH-
IR-UWB) systems with Pulse Position Amplitude Modulation (PPAM) scheme in the presence of multi-user interference (MUI). The derived expression is
validated with Monte-Carlo simulation and compared with orthogonal Pulse Position Modulation (PPM). Moreover, the analytical results are compared with
Gaussian approximation (GA) of MUI which is shown to be inaccurate for medium and large signal-to-noise ratio (SNR). It is also shown that PPAM scheme
outperforms PPM scheme for all SNR. At the end the influence of different system parameters on the PPAM performance is analyzed.
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Analiti¢ka evaluacija performansi Pulsno Pozicijsko Amplitudne Modulacije u IR-UWB sustavima
s vremenskim poskakivanjem u prisustvu viSekorisnicke smetnje
Izvorni znanstveni ¢lanak

U ovom radu je koriStena metoda karakteristi¢ne funkcije (CF) za izvod ucestalosti pogreske simbola (SER) u impulsnim ultra-Sirokopojasnim radio sustavima
s vremenskim poskakivanjem (TH-IR-UWB) i Pulsno Pozicijsko Amplitudnom Modulacijom (PPAM) u prisustvu vise-korisnicke smetnje (MUI). Dobiveni
izraz je potvrden Monte-Karlo simulacijom i usporeden s ortogonalnom Pulsno Pozicijskom Modulacijom (PPM). Nadalje, analiticki rezultati su usporedeni s
Gaussovom aproksimacijom (GA) viSe-korisnicke smetnje, za koju je pokazano da je neprecizna za srednje i velike odnose signal-Sum (SNR). Jos je pokazano
da PPAM nadmasuje PPM za sve odnose SNR. Nakraju je analiziran utjecaj razli¢itih parametara modulacije na svojstva PPAM.

Kljucnerijeci: karakteristicna funkcija, Pulsno Pozicijsko Amplitudna Modulacija, ucestalost pogreske simbola, ultra-siroki pojas, vise-korisnicka smetnja

1 presented [1] lots of researches have been done in order to
Introduction analyze multi-user interference (MUI) performance over
Uvod additive white Gaussian noise (AWGN). The most common

Trends in modern communication systems place high
demands on low power consumption, high speed
transmission and anti-interference characteristics.
Therefore impulse radio ultra—wideband (IR-UWB) [1]
radio systems have recently gained increased popularity.
Since IR-UWB symbols are transmitted with short pulses (<
2 ns), in IR-UWB systems, energy has been spread over the
frequency bands of up to 10 GHz. UWB pulses have to
follow strict regulations concerning power and spectrum
restrictions defined by local authorities, like the Federal
Communications Commission (FCC) [2] in the USA.
Because of power and spectral properties of transmitted
UWRB pulses, different type of orthogonal pulse shapes are
being used to provide higher spectral efficiency [3], [4].
Derivation of Gaussian pulse and modified Hermite pulses
(MHP), usually called Hermites [5], provide wide range of
variety pulse combinations for IR-UWB transmission and
for that reason these are the most common pulse shapes. The
state-of-the art in IR-UWB systems presents many
applicable modulation methods like Pulse Amplitude
Modulation (PAM), PPM, Pulse Shape Modulation (PSM),
on-off-keying (OOK), binary phase-shift keying (BPSK)
and Pulse Interval Modulation (PIM) [6]. A combination of
these modulation techniques (hybrid techniques) can
provide system improvements in terms of the error
probability, a higher data rate, a less complex receiver or
less power consumption. Many hybrid techniques for IR-
UWB communication systems have been applied recently,
such as Biorthogonal Pulse Position Modulation (BPPM)
[7], OOK-PSM [8], PPM-PSM [9], hybrid Shape-
Amplitude Modulation [10], and Multi Pulse Position-
Amplitude Modulation [11]. Since the first time that
multiple-access time hopping (TH) UWB systems was

method used for representing MUI is Gaussian
approximation (GA) [12], while authors in [13], [14] show
that GA method is not accurate for medium and large signal-
to-noise ratio.

The characteristic function (CF) method for calculating
bit error rate (BER) was presented in [15], while the
analytical method of calculating BER for TH-PPM and TH-
BPSK UWB systems based on CF is given in [16], [17] and
later extended on N - orthogonal PPM in [18]. Exact
comparison of TH-IR-UWB and direct sequence (DS) IR-
UWRB systems performance is givenin [19].

In this paper we extend the CF analysis on Pulse
Position Amplitude Modulation (PPAM) scheme which is
first presented in [20]. PPAM combines N-ary PPM and M-
ary PAM to construct MN-ary PPAM signal. It is shown that
PPAM has better performance and lower complexity than
orthogonal PPM for the same throughput. It is also shown
that GA significantly underestimates error rate performance
for medium and large SNR.

This paper is organized as follows: Section 2 describes
the TH-IR-UWB PPAM system model. In Section 3 the
accurate analytical expression for PPAM error probability is
derived. The numerical results are given in Section 4 while
some conclusions are given in Section 5.

2
TH-IR-UWB system model
Model TH-IR-UWB sustava

The asynchronous PPAM TH-IR-UWB system is in
detail described in [20]. Typical MN — ary PPAM signal for
k-th users can be written as
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Abl(k) JE,/N,

is one of the M possible amplitude levels with

A = 269 —1-M, 1<b® <M,E; =3E,, (M? -1)
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is energy per symbol, and E_ is average energy per symbol.
N is number of pulses used to transmit a single symbol, / is
the symbol index, p(¢) is the signal pulse with duration 7,

and normalized energy
00 2 B
J' pA(0)dr=1.

T, is frame duration which determinates symbol duration as
T NT,. c(k) is pulse shift pattern also called TH sequence
of the k-th user which is pseudorandom and each element
assumes any value from 0 < cﬁk <N, —1.N,is thenumber
of hops and T is the chip duration which should satisfy the
condition N, 7. <T;. distime shift parameter and it is set to
be >T7, which provides orthogonality between pulse
positions within symbol. d(k) e{,.,N-1}, b(k) ef,..M}
are determined with /-th data symbol of the .- th source and
represents the position and amplitude level of pulse in MN-

ary PPAM symbol
In our work we have without loss of generality assumed
that[17]:
e User 1 is a desired user and other N, — 1 users are
interference.

. TH code for ﬁrst useris ¢! j =0,V].
o d " and b0 are transmitted.
. Perfect code synchronization at the receiver.

If AWGN channel model is used, the signal received in
the multi-user environment is given as

Nu
F(t)= Y Aps (=) + (), @)

k=1

where N, is number of users, 7, is time delay of the k-th user,
A, is channel attenuation for the A-th user and n(z) is additive
white Gaussian noise with two sided power spectral density
Ny/2.

In order to demodulate received signal it is assumed that
the correlator based receiver shown in Fig. 1 is used.

As it can be seen from Fig. 1 PPAM receiver in the i-th
branch correlates received signal with template waveform
which is for the first user given as

[t—]Tf —c(l)T -(-10 - 1'1]

V()= z

lzl,...N.

3)

r(l) TSN T,
( J' (o)d1 "1
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Figure 1 PPAM receiver
Slika 1. PPAM prijemnik

In our work we have assumed that the pulse shape used for
data transmission (also the template pulse) is the second
derivation of Gaussian pulse given by [17]

2 2
p(t) = 1—4{%} exp— 27{%} , @)
P P

where 7, is time normalization factor. Defining
autocorrelation function of p(f) as

R() = [ p(0)p(t - x)dt, (5)

—0

we can then write R(x) as

2 ) 4 2
R(x)=|1-4n {TLJ +4RT[TL} exp) —7{%} - (6)
P p P

3
Analytical derivation of symbol error rate
Analiticki izvod uéestalosti pogreske simbola

In order to derive symbol error rate (SER) expression of
the PPAM TH-IR-UWB system we have assumed that the
first user is the desired one and that the 0-th transmitted
information symbol is sent and that 1t 1s equal to dél) 0,
b(l) = m . We will further assume that ¢{" = =0, forall;. Using
the receiver shown in Fig. 1 we can d]eﬁne the correlators'

output with vectorr=[r,7,..... 7], wherer, is
s
NZMI) (=[Sl Ne 1=t 7
r= 7 =
v LeN, =N O
=01y

S=4,NgR(0) is contribution of desired transmitted
1nformat10n symbol d; ( b(l) to decision statistic 7. NV, is
AWGN component at the output of the i-th correlator
modelled as Gauss1an random variable with zero mean and
variance 0' =N; R(O)/Z(E / Ny). 1,is MUI component at
the output of the i-th correlator and itis given as

NTf

=3[90t w O 0 (®)
0

k=2
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From [20, 21] it can be seen that PPAM detector decides
which symbol is sent in favour of r, with the largest
magnitude, and then the sign and the value of that
magnitude is used to decide which of the M possible
amplitudes, 1e m 1s sent Then the probablhty of correct
decisionif d M —o, b =m issent, canbe given as

M VEs
> | PO l<raldd” =00p(r)dn,
m:Z(Am,l)\/FS i=2
nWEs N
Fe_peam Vil | P(_ﬂsz | <rldg’ =0)p(r,,
i=

—0

—

.(9)

© N
+ [ PO\ l<naldl’ =0)p(s,)dr,
(Amfl)\/Eis =2

m=M
where r,, is output of the first correlator when the m-th
amplitude level is sent, while p(r,,) is its probability density
function (PDF). Finally, the probability of a symbol error
forPPAM is

P. ppam =1-Fc ppam - (10)

Following the same procedure as in [21] we will first
derive probability that

N N
P(ﬂ|]i+Ni|<rm1)=P(n_rml<Ii+N[<rm1)' (11)
i=2 =

To derive the probability that P(-r,,; <1, + N; <r,,) using
CF method we will write /,as

N, Nl o ®

PIDIDIN A

k=2 =0 jmn o s

p(t=j'Tp =0T, - dff)NJa T.)-
pt=jT,—(i—16 —7y)dt = (12)
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=2 20 jomo U]

RG=DNTy +e50T, +(@5) = (=18 + @, —71).

Due to the property that R(x) is nonzero only for
|x| <T, and assuming that [12]

N,T, <T,/2-2T,, (13)

which implies that only one pulse from each interfering user
in each frame contributes to the MUI which implies that j' =
J- The difference between time arrivals of user one and user &
canbe modelled as [12]

. T T
Tk_lejka‘f‘Olk, —TSGk <7, (14)

where j,T, is time difference between 7, —7; while j, is
rounded to the nearest integer and «, is the error in the
rounding process which is modelled as random variable

uniformly distributed over interval [-7/2, 7/2]. Then (12)
canbe rewritten as

(k) (k)
’(d|_(j+jk)/NSJ5+cj T, +ay), (15)

k=2 j=0 (J+Jk)/ Ny |
where
R.(x) = R(x—(i—1)5). (16)

The interfering signal d|_( JHi)IN, | b|_( Jj+j,)/N, | may change
value during transmission of symbol 0 so we can rewrite
(15)as

Nll
=1, (17)
where
k & k
1® = ZA(k)Rl(At( ))+ ZAWR(AII ), (18)
J=rk
with

AR =05 + T, +ar,

k k k (19)
A = a5 +e9T, +a.

Subscript 0 and 1 represent two neighbor symbols of the &-th
user that overlap with transmission time of the first user
symbol 0, % is random variable uniformly distributed over
[0, N, -1]. If we write

1% = x4 y®) (20)
where
k & k
x® = Z Ab[()k)Ri(t(()’ D 1)
Jj=0
r® = ZAWR @), (22)
J=Vk

then CF of X(k) conditioned on d(k) b(k) a; and 7k is

¢X}")\d,b,a,y (60) =

7l
expga»ZA RS =d b =bay =0y, =y) |=

N, 4

! Zexp([ay]bR,(d6+hT +a))| , (23)

N, &

where E[*] is mean value operator. The upper expressmn
comes from the fact that ¢!*) can have any value in
{0,1, Ny, —1} with equal probablhty Assuming that all
symbols are equally likely and using the theorem of total
probability we can write

Technical Gazette 18, 3(2011), 321-326

323



Analytical performance evaluation of time-hopping Pulse Position Amplitude Modulation IR-UWB systems under multi user interference

M. Herceg, R. Grbi¢, T. Svedek

N m=0 i=1 \ h=0
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Using the same procedure the CF of Yl»(k) is

S RA (Y Mo
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h

=0 i=1 \ h=0

Assuming that data sequence of the k-th user and each user
chip sequence is independent we may write the CF of I

¢1,‘(“\a 7 (@)= ¢X,(k>‘a’}, (a))‘ﬁyiu:)‘a’}, (@) (26)

After further averaging of ¢ 1Dy (w) over a and y we may
write

1 T,/2 N1
bo@= [ Doy, @k (26)

stf ~Ty/2 n=0

At the end the total MUI of (V,—1) independent users can be
written as

Nu

b,@) =] [¢0@). (28)
k=2

The CF of the N,is

Py (@)= exp(-0’c2/2). (29)

Using the independence of MUI and AWGN we can
write the conditional probability by applying the
relationship between the CF and cumulative density
function (CDF) of random variableas[17]

F) = jww (@)do, (30)
where
b1, @) =4, @) @). a1

At the end we can write

N N
PV 1 <1+ N; <) = [ [E ) - Fi=10)) - (32)
j= i=2

From (9), it can be seen that in order to obtain accurate
error performance of PPAM the PDF of 7, , has to be derived.

ml
The r, is defined as  7,,; = 4, N,R(0)+ 1, + N, where I, is
modelled as random variable with CF given as (27), while
A, N;R(0)+ N, can be modelled as Gaussian random

varlable with mean 4, N R(0) and variance o2, and its CF is
given as

Py, (@) = exp(id,, N, R(0)o 0’0 /2). (33)

Using the inverse Fourier transform the PDF of r,,, can
be obtained as

Pl =5 j¢N1<w)¢11<w)exp( ie0r ) )dry (34)

4
Numerical results
Numeri¢ki rezultati

All numerical results in this paper are obtained using
Matlab, while the Monte Carlo simulation is used to validate
results.

In Fig. 2 analytically obtained SER values for PPAM
with M =N=2and N, =2, 4, 8 are compared with results
obtained by the Monte Carlo simulation as well as by
Gaussian approximation for MUI. It can be seen that GA
approximate well SER for lower signal-to-noise ratio
(SNR), while for higher (>6 dB) the SNR values
disagreement is very high. It is the result of the fact that for
smaller SNR values AWGN is dominant, while for larger
SNR values MUI is dominant and then MUI cannot be well
approximated with GA. Also as expected with increase of N,
SER performance increases significantly.

SER

10_12 accuarte SER N
= + +Gaussian approximation .
O Monte Carlo simulation \
10'14 i i i i i i i
0 2 4 6 8 10 12 14 16

E,/N, (dB)
Figure 2 Accurate analytical SER of PPAM versus E,/N, with system
parameters N=M =2, N, =2, 4, §, 7}: 50ns, T, =N-0,9 ns, N, = §,

7,=0,2877 ns, 6 = 0,72 ns, N, = 8
Slika 2. Tocni analiticki SER od PPAM-a u odnosu na E,/N,

s parametrima N =M =2, N, =2, 4, 8, T 50ns, T.=N-0,9 ns, N, =8,

7,=0,2877 ns, 6 = 072ns N, =8

In Fig. 3 PPAM with different modulation levels M and
N for the same bit rate which is set to 15 Mb/s is compared. It
can be seen that PPAM with M = 2 and N = § has the best
SER performance for smaller SNR values, while PPAM
with M=N=2and M=2, N=4 has better SER performance
for higher SNR values. It comes from the fact that in order to
satisfy condition (13) for the fixed bit rate, due to the longer
chip time, PPAM with higher modulation level has smaller
N, value, which is an important parameter for decreasing
MUIL.

Fig. 4 shows dependence of the SER performance on
number of users N, for different modulation levels and bit
rate 15 Mb/s. The PPAM with M =2 and N = § has the worst
performance due to the fact that NV, is smaller.

Finally we compared orthogonal PPM and PPAM with
M =2, N =4 for fixed bit rate in Fig. 5. It can be seen that
PPAM outperforms PPM for all SNR values. For example
for SNR =16 dB and N, = 2 SER of PPAM is 4x 10~ while

SER of PPM is 1,2x10°. For N, = 4 SER is 1,4x10"* for
PPAM and 6x10 " for PPM.
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Figure 3 Comparison of PPAM with different modulation level versus
E,/N, for fixed bit rate (15 Mb/s). System parameters are N, = 2,
T,=N0,9ns,t,= 02877 ns, 6 =0,72ns, N, = 8
Slika 3. Usporedba PPAM-a s razlicitim nivoima modulacije u odnosu
na E,/N,za fiksnu brzinu prijenosa (15 Mb/s). Parametri sustava su
N, =2, T,=N09ns,t,=0,2877 ns, 0=072ns, N, =8

107 . ; ‘ ;
: : —6— 2x8 PPAM |
—&O— 2x4 PPAM ]
—+— 2x2 PPAM
102}
e
w
(2]
10°
10*
i i i L i i i
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Number of users (Nu)

Figure 4 Comparison of PPAM with different modulation level versus
N, for fixed bit rate (15 Mb/s). System parameters are N, = 2,
T,=N-0,9ns,t,= 02877 ns, 6 = 0,72 ns, SNR = 15 dB
Slika 4. Usporedba PPAM-a s razlic¢itim nivoima modulacije u odnosu
na N, za fiksnu brzinu prijenosa (15Mb/s). Parametri sustava su N, = 2,

T,=N-0,9 ns, t,= 0,2877 ns, 0=0,72ns, SNR=15dB

5
Conclusion
Zakljucak

In this paper, the accurate analytical expression for
average SER is derived for PPAM TH-IR-UWB systems
under MUI and compared with GA and the Monte Carlo
simulation. It is shown that GA is accurate for small SNR
values, while for larger values there is large aberration
between GA and CF method. The PPAM scheme is also
compared with PPM scheme where it can be seen that
PPAM has better performance than PPM with half hardware
complexity (fewer correlators). Due to this property PPAM
scheme is attractive for TH-IR-UWB communication
systems.

- 0 8-PPM
—+— 2x4 PPAM

E,/N, (dB)

Figure 5 Comparison of PPAM and orthogonal PPM with different

modulation level versus E,/N, for fixed bit rate (15 Mb/s). System

parameters are, T, =N-0,9 ns, T, = 0,2877 ns, 6 = 0,72 ns, N, = 8, for

6

N,=2, N, = 13 (6 for PPM) and for N, = 4, N, = 6 (3 for PPM)
Slika 5. Usporedba PPAM-a s ortogonalnim PPM-om za razlicite
nivoe modulacije u odnosu na E,/N, za fiksnu brzinu prijenosa
(15 Mb/s). Parametri sustava su T, =N-0,9 ns, T, = 0,2877 ns,
0=20,72ns, N,=8 za N=2, N, = 13 (6 za PPM) and for N, = 4,
N, =6 (3 za PPM)
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