University of Nebraska - Lincoln

Digital Commons@University of Nebraska - Lincoln

Computer & Electronics Engineering Faculty Computer & Electronics Engineering, Department
Publications of
12-1-2007

Closed-Form Derivations of ISI and MUI for
Time-Reversed Ultra Wideband

K. Popovski
University of Wollongong, keni@uow.edu.au

Beata J. Wysocki
University of Nebraska - Lincoln, bwysocki2@unl.edu

Tadeusz Wysocki
University of Nebraska-Lincoln, twysocki2@unl.edu

Follow this and additional works at: http://digitalcommons.unl.edu/computerelectronicfacpub

b Part of the Computer Engineering Commons

Popovski, K.; Wysocki, Beata J.; and Wysocki, Tadeusz, "Closed-Form Derivations of ISI and MUI for Time-Reversed Ultra
Wideband" (2007). Computer & Electronics Engineering Faculty Publications. Paper 42.
http://digitalcommons.unl.edu/computerelectronicfacpub/42

This Article is brought to you for free and open access by the Computer & Electronics Engineering, Department of at Digital Commons@University of
Nebraska - Lincoln. It has been accepted for inclusion in Computer & Electronics Engineering Faculty Publications by an authorized administrator of
Digital Commons@University of Nebraska - Lincoln.


http://digitalcommons.unl.edu?utm_source=digitalcommons.unl.edu%2Fcomputerelectronicfacpub%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/computerelectronicfacpub?utm_source=digitalcommons.unl.edu%2Fcomputerelectronicfacpub%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/computerelectronicfacpub?utm_source=digitalcommons.unl.edu%2Fcomputerelectronicfacpub%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/computerelectronics?utm_source=digitalcommons.unl.edu%2Fcomputerelectronicfacpub%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/computerelectronics?utm_source=digitalcommons.unl.edu%2Fcomputerelectronicfacpub%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/computerelectronicfacpub?utm_source=digitalcommons.unl.edu%2Fcomputerelectronicfacpub%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/258?utm_source=digitalcommons.unl.edu%2Fcomputerelectronicfacpub%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/computerelectronicfacpub/42?utm_source=digitalcommons.unl.edu%2Fcomputerelectronicfacpub%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages

Popovski, Wysocki & Wysocki in Proceedings of the International Conference on Signal Processing and Communication Systems (2007)

Closed-Form Derivations of ISI and MUI for
Time-Reversed Ultra Wideband

K. Popovski,Member, IEEE, T. A. Wysocki, Senior Member, |EEE, and B. J. Wysocki
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Abstract—Through transmitter pre-filtering, a time reversed Consideration for hopping sequences is generally conducted
UWB system is capable if harnessing a multipath channel to through partial cross correlation equations [6] or traditional
achieve temporal and spatial focusing. Unfortunately, large RMS Hamming correlations [7]. This paper presents a unique ap-

channel delay spread leads to significant intersymbol and multi- h to th b d f vsis. d |
user interference. This paper presents closed-form expressions,proac 0 the sequence based performance analysis, develiop-

for self and multi-user interference for a UWB system utilizing a iNg @ set of state probabilities for pulse separations within
time-reversed approach. The influence of user multiplexing codes a TR-UWB system, specific to a family of hopping codes.

is taken to account through incorporation of a ‘separation prob-  Derivations presented are based upon core interference equa-

ability’, which characterizes a family of hopping sequences. The . ; i ; T
standardized |IEEE 802.15.3a channel model is applied, and the gg?asrégigiuced in [8], adopting similar channel and system

derived performances are compared with that of a simulated time ; . . . .
hopped time-reversed UWB system. This paper is organized as follows: Section Il outlines a

TR-UWB system, together with the channel model and BER
calculation method applied; Section Il overviews the time
hopping code analysis used to account for a multi-user system,
together with closed-form solutions for the ISI and MUI
|. INTRODUCTION present in downlink UWB communications; and Section IV
compares the performance of derived formulas to simulated
LTRA Wideband (UWB), or impulse radio, has seenesults. Finally, Section V gives all concluding statements and
significant attention since its release for commercigémarks.
applications in early 2002 [1]. It is characterized by having
a fractional bandwidth of more than 20%, or bandwidth Il. SYSTEM DESCRIPTION
occupancy greater than 500 MHz [2]. A. Sgnal Equations
This paper is focused on an extension to time hopped UWBThe signals(*)(¢) transmitted for theuth user in a time-
(TH-UWB) [3]. Within TH-UWB, pulses transmitted are eithethopped time-reversed UWB system, with equiprobable data
delayed in time (pulse position modulation (PPM)) or changeﬁg) e {—1,1} mapped through binary PPM with the time
in amplitude (pulse amplitude modulation (PAM)) for encodshift = set to equal the pulse width, is given by [9]:

Index Terms—UWB, time-reversed, pre-rake equalization, time
hopping, inter-symbol interference, multi-user interference

ing data. Users are multiplexed through code division multiple oo

access based upon a family of orthogonal time hopping codgse () — ETX(“)< Z w(t —mTy — T, — sbﬁfj))>
The aforementioned ‘extension’ is a channel equalization VGHue \ 20

scheme herein referred to as the ‘time reversed’ (TR) ap- @h(u;z, —t),

proach, which has its origins in underwater acoustics [4]. (1)

While a conventional system would operate with the trans-
mission of sub-nanosecond width Gaussian waveforms, a
UWB system uses the channel impulse response from t : .
transmitter to the receiver as a transmit pre-filter. With thfréur?]t:ﬁrr]’ng’;ﬁo;egrr?;egih?e ogs?tlir(l)noi)ftrlﬁecreineri]\?elﬁite?:Ired
channel being estimated through the use of a pilot test signglr. ' mep ) -/

single frame length, which is segmented into equally spaced

a time reversed signal focuses both in time (temporal focus- . .
9 ( P intervals called ‘chips’ of duratiofl:,, such thatl’y = N,T..

ing) and in space (spatial focusing) at the intended receivé}u) denotes the position within the particular frame (the chip

resulting in an autocorrelation of the response being received X X X _
[5]. number) that is occupied by thgh user’s signal in accordance

The overlap of transmissions for consecutive symbols Ieawgh a time hopping sequence. l.t should be noted that a
to the effect of inter-pulse, inter-frame, and inter—:symb(ﬂerfectly power controlled system is assumeq, whetBby
interference, herein collectively referred to as inter-symbol jfp constant for all users. For the purpose of this paper t_he pulse
terference (ISI). Multi-user interference presents a more sevérg“pe was set as the secor_1d derivative of the Gaussian pulse,
degradation than ISI, with large delay spreads of transmissid’?"éh center frequencyo, defined as [10]:
causing interference by other transmitters in close proximity. w(t) = [1—2(ntfo)?] exp {—(rtfo)?}, )

nere Erx (u) is the user signal energyy(t) is the base
r%nsmitted waveform of widtl,, seconds;n is the frame
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with energy normalized Fourier transform of: For the development of closed-form expressions for ISI and
MUI, defining 8 = «a(—1)—k, the discrete time reversed

— 32m-f2 2 2 2 channel response is represented as:
Wi = E 2 (L) e {- L) @
3 - fg fo fO L—1
h(u;z,—t) =X Brd (t — (LT — 1_1y—%)). (6
A center frequency of 3.9GHz was used, which results in a ( ) kZ:O (= w--1)- 6

monocycle width ofT’,, = 0.5ns.

If two users simultaneously occupy the same chip, a c@ Error Performance
lision or ‘hit" occurs. The characterizing parameters of these
time hopping codes are the cardinality () which specifies
the alphabet size; and the periodicity )Nwhich indicates

the length of the code before it is repeated. 1 N, - SNR
Defining the data rate &, and the number of transmissions TTe = @ (v Ny - S'NR) s gerfel\ —5— . D

per symbol Ny, the frame and chip durations can be repre-
sented ad’; = 1/(NsR) andT.. = 1/(N, N R) respectively. where SNR represents the signal to combined noise, ISI and
The signal received is given as: MUI ratio. In order for this equation to hold, it must be true
that all parameters of thBINR are Gaussian distributed. The
N () additive white noise exhibited by the system is defined as a
r(t) = Z s(t) ® h(u; 2, t) | +n(t). (4)  statistically independent zero mean Gaussian random variable
u=l [12]. The ISI and MUI terms may be brought under the
A summation takes to account contributions of &l users. standard Gaussian approximation provided that the number
It should be noted that all transmitters were assumed daf-paths within the channel impulse responses, the number of
persed enough such that the channel responses fromMachusers (for MUI), the number of transmissions per symbol, and
transmitter to any receiver are independent. As such, eabk bit rate are large enough [13].
convolution is calculated using the response from usterthe Although the received signal power, represente®ag (u),
desired receiver. Additive white Gaussian noise with varianceay arrive at the receiver, only the power in the main
of Ny/2 is also present. autocorrelation peak is used for decoding dafa{{)th path).
The decision variable is constructed as an inner product Biis is accounted for by an additional ratipwhich represents
the received signal (which includes all ISI and MUI degraddhe ratio of power within the strongest path to the remaining
tions) with the receiver template(t) = w(t) — w(t — ), sidelobe power. It was obtained by taking an average over
giving the estimated received data bf”. The (L — 1)th 1000 random instances of a UWB channel. The fBaIR is:
path, which has the largest peak in the received signal, is ¢ - Prx(u)
the in-phase autocorrelation peak position for the channel SINR = (8)
response. This peak has a magnitude related to the number of
paths present within the channel. The template for free-space [1l. EQUATION DERIVATIONS
propagation was applied in order to characterize a syst%m
which is performance-equivalent to a UWB system employing
an All-RAKE receiver. Assuming a perfectly power controlled system, where users
The multipath model applied is the IEEE 802.15.3a channéf€ transmitting at identical data rates, the distinguishing factor
based on the SV model where multipath components arrff@ user performance is the time hopping code that is used.
in clusters [11]. For the purpose of simulation and close&erivations in this paper are based upon a chip separation

form derivations, the discrete-time channel impulse respor@@bability Sc. ISl is controlled by the separation between
is modeled as: consecutive elements within a time hopping sequence, while

MUI is affected by the relative separation between symbols

For a binary PPM UWB system sendiig, transmissions
per symbol, the error probability curve is defined as [12]:

2 2 2 N
Tawan T 01sr t Onur

Time Hopping Code Analysis

L—1 . . .
sent from the interfering users, and those from the desired
h(u;z,t) = X E aRd(t — 1), 5) Lser. g
k=0

The chip separation probability.(A, B) defines a set
whereq; is the path magnitudey, is the time shift,d(¢) the of state probabilities which indicate the probability of two
Dirac delta function, and shadowing is represented by the ldgansmissions having a certain separation, based upon a family
normal termX. The model constitutes a segmentation of pathf time hopping sequences. It is determined for a certain
into ‘bins’ of time width r (wherer, = 7- k), forming a total separationB between elements of a hopping sequence, and
of L paths, each representing the energy within the bin width.numberA of intermediate pulses transmitted by the user
Thus the total channel width is equivalent fo-. The gain over thoseB chips. The issue of intermediate pulses over the
of the o, coefficients is normalized to unity for each channedeparation distance is important since the RMS delay spread of
realization, and total multipath gaiiz ... = v X. A quasi- a signal may cause interference from a single transmission to
stationary channel is assumed, remaining time-invariant fiast well over an adjacent frame. However, similarity between
the transmission of a block of data, and independent betwetba separations for varying allows S. (A, B) to be approxi-
blocks. mated byS. (0, B) for all A. For ISI, S, was determined for
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the variance position was made, forming the ‘time combined’

000] ] version:
= 0.0
2 Erx(1
5 Ofsr = var Erx(1) Q@ h(l;21,1)} ], (10)
3 o H, 15z,
g 0o with:
2 0.0 |
3 oosl ] Nou—1 ( 2(Nn—1) Ni—1
, Q=3 { > Se<01»€><2f’kw@7k>
o=1 ¢=0 k=0
0.01
L—1
Chip separatison between consecutive sequence elements + Z ﬂkw(t - Tk))} (11)
k=N,
Fig. 1. ISl chip separation probabilities for Reed-Solomodezn representing the summation of all interfering partial signals,

together with their respective separation probabilities. This
Lo , i _ was achieved through the a multiplier &fr /7T, which is
individual hopping codes within a family of sequences, thegyivalent to the energy normalization required in (9) to adjust
averaged; while for MUI the analysis was conducted over gll; changing data rate and channel delay spread. It should
possible sequence pairs. The separafioranges fromAN;,  pe noted that the multiplier also takes into consideration the
to (A_+ 2)Np, — 2. . . movement of the separation probability.

This paper focuses on Reed-Solomon time hopping codes=o; previty, as this ISI derivation is concentrated on a single
[14]. The ISI chip separation probabilities for this sequengg;er scenario, user numbet= 1 and receiver position; are
family for a cardinality of N, = 11, no intermediary pulses gmitted.

(A = 0), and separation ranging fromto 2N, — 2 is given  ynder the assumption that the separation probability is static
in Fig. 1. These probabilities were determined through a er(S@era, the summation ovek may be conducted before the
force analysis of all codes within a given family of sequences, mmation over. Noting the inverse relationship between

and then averaged for each and k through V;, applying this conversion removes depen-
dence ofg, and oy terms ono, yielding:
B. Closed-Form IS Variance 2Np—1) 1
Intersymbol interference occurs in communications due o = Z S. (0, g)z { (ﬁkw(t —7%) + agw(t — TL_1_k))
an overlap of transmissions as seen at the receiver side. The <=0 k=0
following derivation of a closed-form representation of ISI (L—1-k)71—(s+ 1T,
within a TR-UWB system is based upon Eq. (16) within [8]. X T; 5

The base expression for inter-symbol interference is: (12)
Ry ith, [ (L~ — (¢ + 1)T.) /7] ~ L—1. Thi tion is valid
2 _ ; o gy With, [(L7 — (s ¢) /7] ~ L—1. This assumption is vali
ISt 02—31 ; (Xowsie +Xos0), © provided thatN;, < L, asmax{c} is controlled byN;,.
B B The parametef) can be further simplified by considering
where: the summation of bothy, and 3, for all k € [0,L — 1].
Erx(1) D Summing like terms results in a constant coefficient forkall

Xo,s,v = Se (0—1,¢) - var (h(l; T1,t) ® overay, equal to((L — 1)1 — 2(c + 1)T,.) /T;. Hence the ISI

G0, formula (10) can be reduced to:
L—1 E
2 _ bTXx
e= 3 Berrw(t - miw,), oIs1 = g, o= Vacr, (13)
k=N,
where,
= 2Np—1) 2
b= Brnwlt—Ten,), " (L —1)r —2(c+1)T,
= Se={| > S(0.9)- 7 ,
<=0
and:
N, — [(o DTy + (< + 1>Tﬂ Vacr = var {[h(—t) @ w(t) ® h(t)]},
T with V cpr defining the variance of the autocorrelation of
Ni =L — Ny, the channel impulse response convoluted with the base wave-
Lr form w(t). It can be represented through the use of Fourier
Noy = {TJ . transforms, after applying convolutional and autocorrelation

properties presented in [12], as:
Equation (9) relies on a symbol based approach to evaluate — )
the ISI variance. In order to aid in derivations, a shift of Vacr ZVaT{W(f) [H(f)| }7 (14)
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estimate on the ISl variance of a time-reversed UWB system

04 ; ;

oss| T Fiweawo is defined as:

L EOWO >

0.3 : TX
ol otsr = e Sz-K- U, (18)
; 02 where,
= oasf 2

2(Nj, —1)
01l (L — 1)7’ — 2<§ + 1)T
005 Sz = Z Se (0,) - T . )
7 ‘ ‘ Co = ‘ ‘ : <=0 f
% = -6 -4 -2 0 2 4 6 8 10 32 4 1 1
Frequency (GHz)
K =

- - — ,
Fig. 2. Zero-order hold filtering of base waveform @ 3foTbm Ltyin Twfe

rfmabe'in] N Z 2 4
v =y W) e
where Parseval's Theorem equates the energy over time and i=—[ fmaxTbin] " f

frequency domains. Heréy'(f) and H(f) refer to the Fourier  The final requirement is the calculation of thig: moment
transforms of the energy normalized base waveform, as in Efithe channel envelope estimatidi{ /). Although the power
(3), and the channel response respectively. distribution of a UWB channel model is more complext)

For the purpose of this papél(t) was estimated through is taken as a single exponential function for simplification of
the use of a single exponential functieft). Since the discrete calculations. Its time and frequency domain expressions are

version of the channel response is used, this exponenfigd]:
was sampled through the use of the Shah function [15].
Together with a substitution of (3), the autocorrelation variance

2Aa

Aemoltl o =20
¢ a2 + A2 f?

(19)

transforms to:
C. Closed-Form MUI Variance

1) In-Phase MUI: In-Phase MUI encompasses the portion
of interference from users in close proximity that occurs within
the same time frame as the transmission from the desired user.
The main technigue to combat this form of degradation is the
use of time hopping codes employed to arrange users such
that minimal same-frame interference is caused.

The In-Phase component covers MUI over &), — 1
possible chip separations between the desired and interfering

domain. e L . . .
. . user transmissions. Derivation of its variance requires the
Under the assumption that(f) has a bandwidth lower than application of the MUI sequence analysis outlined in Section
1/7vin, Which is valid for an exponential(¢), the argument of |

the variance can be determined by assuming a constant va
for the base waveform’s frequency response over édefy,,
width, as shown in Fig. 2. Here, a zero-order hold filtering h

32 4

2 (g2
7r'3f07,;§n'var{ <ch;) L5)
00 2
> E(f—Tb > } (15)

)
with E(f) representing the Fourier transformaf), and the
Shah function acting as a replicatori{ /) over the frequency

Vacr =

[-A.
|u‘I:’he derivation presented next is based upon Eq. (17) within
8]. The base expression for the In-Phase MUI from a single

. er is:
been applied as: o N1
h—

2

— Sl 7 f — inin OInPhaseMUI — Z X®,¢ + Z X, (20)
W(f) = Z w (T ) ) 11 <F>’ (16) P=—(Np—1) d=1
= oo bin bin
where:

with Fy;,, as the reciprocal ofy;,, andII(f) the rectangular
function. This reduce¥ 4 F to:

/32 4
Vacr = ?W

Xo,p =5€(0,P+ (N, —1)+ 1) - var (h(u;xl,t)

[ fmaxTbin | N . 2 ( )
W Erx(u
. Z (Tbin) ® GH7’LL;fE1 : V] > )

~

i=—[ fmaxThin |
1

1
) EH* = - (17) L—1
;‘ ( )| Tu Cwac g: Z 6k’+1w(t_7k—Nw(1n))7
k=Ny(1n)
where f, is the single side frequency over which the Nigrn) =1
.fmaac gle si q Y w: Z 6k+1w(t*7_k+Nw(M))a

majority of the energy withitd( f) exists. The final two terms

are required to determine the power spectral density varian\c,:vei,\t,h_
with T, = (2L7;, + T.) representing the time width of the ’
signal Vacr, and the final multiplication normalizes based

upon the pulse width and sampling frequency. Thus, the final

k=0

Nw(ln) - H‘p‘ : TC/TW )
Nin)y = L — Ny(1n)s
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Equation (20) estimates the variance through the combina- Nu(out) = {(0 - DTy + (< + DTﬂ 7
tion of all partial signalsy which could interfere within the T
same frame as the desired user’s symbol, multiplied by their Ni(out) = L = Ny(ous)

corresponding separation probability.

In order to obtain a simple solution to this expression, it is The similarity between the Out-Phase MUI and ISI equa-
assumed that the channel delay spread is significantly lar§ens is evident, although here the user number# 1.
than the maximum separati¢dN;, — 1), such that each partial An alternate approach to the ISI derivation was applied for
signalv can be assumed by an entire channel response. Tihie Out-Phase MUI however, calculating the variance of the
approximation becomes more valid as the data rate spd overlapping signals.
values are increased. The variance can thus be written as: The initial simplification is the assumption that interference

N1 tEat orki]girr:atgﬁ, _fromfframes bt()afore the ;:urrent tran.srgissior; and

2 N that which will interfere in subsequent frames are independent.

TInPhaseMUI ™~ Z 5e(0,+ (Mo —1) +1) Also, as in In-Phase MUI, the convolution has been removed,

L which once again requires a division Bydue to the halving
, Erx(u) of the output length. For brevity, constant energy/gain multi-
var (h(u’xl’t) © GH i) @ plications have been omitted, assuming normalized channels.

Neglecting the time shifting on, as variance is independent of
With known channel delay spread (Land gain (Gr.uz,), time position, and using the relationship that= c(z_1)—,
the convolution with the propagation channel can be omitte@3) simplifies to:
The disadvantage however is that the structure of the channel

is not taken into account. Assuming that a correlation of a 9 1 2Ry
time reversed signal with a propagation channel (of equal TOutPhaseMUI = 5 Z 5e (0,5) (24)
length) doubles the signal vector length, and noting that
has normalized energy, (21) can be simplified to: where:
9 B ( )G Ngy—1 Niouty—1
UI”PhGSS%Ull_ TX\U) & H o T= Z var Z [Braw(t—7g)+apnw(t—Tr1-%)
h—
> Se(0. @+ (Nu=1)+1) - fu (Lrf. ~ 1)/2 .
=—(Np—1) Encompassing the summation oveinto the variance is not
Erx(v) - G, feasible due to correlation of_the signa_ls existing i_n_ diﬁ‘er_ent
~ Y= —, (22) frames. In order to remove this correlation, an additional time

shift of twice the channel delay spread may be introduced,
where the sum of all separation probabilities is equal to Uritherwise the correlation between the variables withinvere
probablllty Note the final result I’equires a multiplication byUnction must be Considered_ Tak|ng the Summation aver
the number of interfering users. produce a single independent signal, correlation exists for the
2) Out-Phase MUI: Out-Phase MUI considers mterferencqvou — 1 signals, herein referred to as, when summed over
caused by nearby users which originate from frames adjacentThis is accounted for by subtracting twice the covariance

to the current frame of the desired user. With the high dagatween allv,, — 1 signals, defined a®. Expressing (24) as:
rates required by emerging UWB applications, this form of

interference poses a higher severity than In-Phase MUI. o 2N 1) 5. (0. Nov 21
The variance of this degradation is calculated by summifigutPhaseMUI = Z §)+ Noy - var Z:l Vo
all partial transmissions which overlap into the desired user’s 7 (25)

symbol. This summation is conducted over all overlappinge covariance between the dependent signals is:
time frames (¢, also over all possible separation$ between

Noy—1 Noy—1
the interfering signal and desired signal, taking into consider- 26
ation the separation probability. The expression for the Out- =2 D vl v (26)
Phase MUI by a single user is given by Eq. (18) in [8] as: =t 357&(1,1
(Nov—1) 2(Nn—1) Conceptually, it can be seen that thg, — 1 signals being

02wt Phase MUT = Z Z (Xo.c.6 + Xoc)s  (23) correlated are replicas of the time reversed channel impulse
response, with portions attenuated or nulled. For example, at

where: Nyouwy = L/2, the summation ovek magnifies 3, from
70 10 71,21, and oy, values fromry,_; to 7 /5_,. Together
Xo.cw = Se (0,¢) - var (h(u;xl,t) ® { gi;x(“) 'VD’ these form the complete time reversed response. Through
L1 e examination of the covariance of the partial signals, it was
E= > Brer1wlt — Te—Nyoun ) determined tha®© is equal to the summation of the signal
k;Nw<om1> energy of all partial responses with; 0.y < L/2, together
1(Out) —

b= S Bew(t—7 ) with the variance of the entire channel multiplied by a factor
5 ket F+Nuwoun /> 1. Assuming the channel is zero mean, this variance reduces
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to the calculation of the gain of the normalized channel, whiaescribed mathematically as:
by definition is unity. Henc&® may be expressed as:

t— Tf/T Noy .
e g 0-En( ) ] e
= — O‘H—l + ﬁl+1 + H}Lf ’ .
2Lt = Nor2)41 10 reducing (27) to:
(27) 1 -
Now/2-2 0= { [h?(t)@(t)} + 9hf} . (31)
Noy —2)+4 Noyp/2 — 7 —1), Ny, . o . oo
0. — ( ) J; Now/2=5=1) even As in the ISI derivation, a MMSE exponential estimation
hf = [Now/2]1—2 _ was adopted to replicate the structure of the channel response
4 Zl ([Now/2] =j = 1), Noy odd within the Out-Phase MUI. The MMSE estimation/oft) was
j=

used as in Section IlI-B, with an alternate estimation developed
Here, © was estimated based only upon the interferender h2(t).

at¢ = N, — 1, as this is the median level of interference It should be noted that the final expression for the multi-user

that the system will face over theN, — 1 possible chip interference from a single interferer ¥g, pj.sense7) MUst

separations. Also, the normalized base waveform was omitteel multiplied by the total number of interferer3/UI =

for simplification, rather focusing on the summation of path/UI(singic user) - (N —1). Also, and in the ISI derivation, a

gains and accounting for the change in signal lengths througbrmalization byL7 /T is required. However this multiplier

the 2L7 division. includes the movement of the separation probability between
The order of summation overandk can now be exchanged(9) and (10), which must be compensated here by a multipli-
as in the ISI derivation, giving: cation by1/\/mean(S.(0,¢)), Vs.

k)T— .
2(N;L—1) == ) (DT 11 IV. COMPARISON OFSIMULATED AND ESTIMATED

2
TOutPhaseMUI = 5 Z Se(0,9)- var(Z Z RESULTS

A TR-UWB simulation was adapted from a time hopped
PPM UWB simulation by Di Benedetto and Giancola [16].
[Benw(t—7k) + appw(t—7r14)] | —20. CML1 in the IEEE 802.15.3a model was tested, which requires
(28) a ratio of¢ = 0.566 for Eq. (8). The cardinality and periodicity
of each time hopping code were set to 11, with a pulse width of
As the oy, and 3, terms are independent of, the ex- 0.5ns, and a data encoding shift 0f5n.s. The bin widthr was
pression can be simplified to obtain a constant multiplier &€t tolns and transmit power tom1W. The parameters for the
[(((L—1)— kT —[c+1]T.) /Ty] over all k. exponential estimation of (19) were calculated4as- 0.2858,
Similar to the ISI derivation, (28) can be reduced by = 7.1 x 107 for h(t), and A = 0.122, a = 1.3 x 10° for
observing that the summation ovér adds two instance h2(t).
of each oy value, each with a mu|t|p||er takmg the value Comparative results for the ISI derivation of Section IlII-B,
of either ([L—1—k]7—[c+1]T, )/Tf + 1/2 or that of using Reed-Solomon time hopping, for simulation (‘Sim’) and
(kr — [¢ + 1] T.) /Ty + 1/2, where it is assumed that thevariance derivation (‘Equ’) are shown in Fig. 3(a) and Fig.
ceil operation will on average adi/2 to the fraction. The 3(b), for anV; of 5 and 10 respectively. Tests were conducted
summation of these weights results in a constant multiplidr data rates of 15, 50 anth0Mbit/s. It can be observed
over k, giving the final expression: that for all data rates tested, the derived error curve closely
traces the simulated performance. As expected, an increase in
) the data rate, which has a proportional decrease in the frame
0OutPhasemur = G- Erx Z Se (0,5) width 7', significantly degrades the performance.
Alignment between the formulated MUI performance of

2(Np—1)

(L-1D1—-2(c+1)T¢ ] 2 bt 90 Section IlI-C and simulated results was also evident. Applying
Ty + var (h(t)) — ’ Reed-Solomon coding, tests were run for a 10 user scenario
(29) at 15Mbit/s, N, = 10, and30Mbit/s, Ny = 10, shown in
Fig. 4(a). Performance analysis for a system supporting 5 users
where convolution with the energy normalized independewias also tested, shown in Fig. 4(b), at a data rat&0df bit /s
base waveformw(t) has been ignored. and N, = 5. All plots reflect the ‘maximum’, ‘minimum’, and
In order to remove all dependence on individual path magnaverage’ performance of the simulated system, together with
tudes(ay, Ok ), it is observed that the covariance summatidn the formulated performance curve.
in (27) consists of a summation of all channel path amplitudes.In both the 1SI and MUI scenarios, an over-approximation
Paths closer té = {0, L — 1} are summed more times thandevelops for the formulated performance as the level of in-
those atl = L/2. Analysis shows that the double summatioterference increases. This results due to approximations made
within © results in the square of all path amplitudes multiplieth the derivation process, although the estimated curve always
by an envelope which consists f[ N, /2] — 1) discontinu- remains within close proximity to simulated results, generally
ities, with IV,,, increments of step widtl; /7 paths. It can be within a decade of the simulated performance.
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