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ABSTRACT

Inheriting all merits of a multiuser transmitted ref-
erence (MTR) ultra-wideband (UWB) transceiver, a
biorthogonal MTR (BO-MTR) transceiver for high data-
rate communication has been recently reported. It uti-
lizes 4-ary biorthogonal signaling to carry two bits
of each user’s information in amplitude and position
of the data pulse simultaneously. Assisted by a simple
coding scheme, both bits are independently decoded
using low complexity correlators whose templates are
obtained from aggregated reference signals spanning
multiple symbol intervals. This paper further studies its
performance in different scenarios. In a multipath-free
fading scenario, the receiver’'s symbol error rate (SER)
performance is shown to be optimal while no complex
joint detection of two bits is necessary, and the bit error
rate (BER) performance of each detector is balanced.
For multipath channels, when channel parameters are
either deterministic and estimated with errors, or random
in Rician distribution, the Chernoff bounds are derived
for BER of each detector. A much tighter bound is also
provided according to the property of the complementary
Gaussian distribution function.t
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modulation (PPM). The time delay of the data pulse
with respect to the reference pulse is set larger than
the channel delay spread to avoid inter-pulse interfer-
ence (IPI) at the receiver. Then a template is extracted
from the reference signal to demodulate the data signal
via a low complexity correlator [1], [2]. However, the
minimum spacing of the two pulses inevitably sacrifices
data rate for performance, especially when the channel
delay spread is very large. Meanwhile, the channel is
used for transmission of user's information only about
half the time, thus incurring about 50% rate penalty.
Moreover, the template may be very noisy, making the
conventional TR demodulation technique ineffective. If
smaller spacing of the two pulses is anticipated in order
to increase transmission rate, then IPI severely con-
taminates the template and consequently yields poorer
detection performance.

In order to improve the quality of the template and
consequently detection performance, some works pro-
pose a sample averaging technique using all received
reference signals [5], [6], [7]. Aware of the data rate
limitation imposed by the pulse separation, the pulse
separation can be reduced to increase data rate and
corresponding IPI suppression techniques have to be
employed [8], [9]. Alternatively, M-ary biorthogonal
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combined. Thus spreading and pulsed transmission hekd, receiver antenna and bandpass filjét), so that

to protect user signal from interference by a multiusgfe effective channel iB,(t) = /%w(t) * 05 (t) % g(t).
transmitted reference (MTR) transceiver [14] or a BOassume the receiver is synchronized to the transmitter.

MTR scheme [15] to achieve much higher data rate. Then the received signal takes the following form
This paper continues the investigation of the perfor-

mance analysis of the high-rate BO-MTR transceivéft) = Z[Ak,nhk(t_"Tf)
proposed in [15]. First, under multipath-free channels, ko
the single-user bit error rate (BER) detection perfor-  + I,an/NfJBk,nhk(t—an — Tk = bl ln/N; | Od)]
mance for each of the two bits is derived as a function | (), )
of the autocorrelation of the pulse. It can serve as a
benchmark for evaluation of the receiver in other scéherev(t) = n(t) x g(t) is the output of the filtei(t)
narios. It is observed that the bit detection performan¥é0se input is additive white Gaussian noise (AWGN)
is balanced if biorthogonal signaling is employed. Ndt(t) With double-sided power spectral density.
only does each detector enjoy low complexity, but also SUPPOS€u(t) has support in(0, T,) whereT}, > 7,
the symbol detection performance in terms of symb8NdZ. < Ty. Therefore, no IPI occurs at the receiver.
error rate (SER) is optimal, same for the optimal detectdhe goal of receiver design is to deta(ét}z and I,EQ,)L
for 4-ary biorthogonal signals. Symbol detection perfoFor simplicity, term the former as the PAM bit and the
mance is also compared with 4-ary PAM and 4-ary PPMtter as the PPM bit. In [15], the templaté,(t) =
signals [16]. Results demonstrate an excellent power(t) +vhy(t —o4) is proposed to independently detect
and spectral tradeoff. Second, when a multipath chanite$ PAM bit and PPM bit by setting = 1 andv = —1
is estimated with an error using a sample averagifigspectively. Each template requires acquisition of the
technique, the Chernoff BER bound is derived und@mveform h(t) from the received noisy signal. This
the channel estimation penalty. The bound is tightengveform repeats from frame to frame, but is corrupted
according to the property of the complementary Gaussifiyi various interferences. Rather than directly using the
distribution function (Q-function). If a random channehoisy received signal, we use a smoothing technique to
such as Rayleigh or Rician distributed multipath channebtain a cleaner waveform from aggregated reference
is considered [17], [18], the Chernoff bound is alsgignals.
derived. Let's consider the received signalt) in N symbol
intervals, and partition it into segments each of frame
A HIGH-RATE BO-MTR UWB TRANSCEIVER  y, ation, Totally, there areV, a N;N; segments.
_ In the hi.gh—rate BO-MTR UWB scheme [15], theThe m/-th (m’' = 1,---,N,) segment is denoted by
flrst pulse is a referen.ce pulsg, anq tpl()a secon(d2) pquS,,?(t) A r(t +m/Ty) for ¢ € [0,Ty), andryy (t) .
is modulated by two information bitd; , and I, e|sewhere. Similarly, define,, (¢) for the noise. Then,
for userk in its amplitude and delay using PAM andnhe waveform is estimated as follows
PPM respectively. Consider binary informatiyb,ﬁz, I, - 1
€ {£1}. The transmitted signal of pow@, due to user hi(t) = 5~ > Ak (1) 3)
k in a K-user system can be described by P
The n-th symbol interval is comprised oV, frame
su(t) = P Z [Agnw(t —nTy) intervals (n = nNJ_c, e (~n—|— I)Nf— 1)..For each frame
2 segment, a generic signg| ,,,(t) is obtained fromr,, (¢)
by subtracting estimated reference signal, that is then
shifted and multiplied byBy, ,

Frm(t) = rm(t) = Agmb(b),
n 77l»c,m(t) = Bk,m?k,m(t + CkTC). (4)

Then detection of both PAM and PPM bits can be
performed as [15]

1

+ in/N, | Benw(t =Ty — 7 = by |n/n,j0a)], (1)

)

wherew(t) is the monopulsel’y is frame durationAy, ,
and By, are two binary PN sequences takifg-1},
T = cx1. is the nominal delay of the data pulse
multiples of T, and controlled by a hopping codg,
bie.n = %]I,S,)L - 1,52; is a coded information bity, is a
PPM modulation parameter. .
After propagating through a multipath chaniég(t), S I & _
each pulse is distorted by the transmitter antenn(a,) chan{k’" B Slgn(Nf Z Uk(t)lv=t1 rk’m(t)dt)' ®)



Modulation parameter,; > 0 affects the autocorrela-Considering all four possible pairs off(V,1(?)) as
tion of different waveforms and consequently detectiofi, 1), (1,—1), (—1,1), and(—1,—1), it can be written
performance. Its effect will be analyzed later. as

PERFORMANCE STUDY y = 1@ /€rx /N¢[Ro — Ro,] _|_/U(t)rfl(t)dt.
This section studies BER and SER performance of
the BO-MTR UWB system in terms of single user petJsing £rx = 2E;, and the definition of, the BER for
formance, BER bound with template estimation penalt§etecting the PPM bit is

and BER bound in a multipath fading scenario.
Py ppy = Q(\/ 27p(1 — 5))- (7)
SINGLE USER PERFORMANCE BOUND

Consider a single user scenario with perfect template,
free of multipath and reference pulse. The performan?e

can serve as a benchmark for other scenarios. AssufEameterg. If o4 is chosen such thak,, = 0 for
the symbol energy is€yx. Two information bits 7(!) _blorthogonal S|gr_1allng, then the detection perfo_rmance
and I? are transmitted using PAM fof) and PPM 'S balanced. Itr; is chosen such that,, > 0, then it is
for coded bitb = 1[1() — 1?)| as more favorable to the PAM bit. In an extreme casg=
=2

0, thenR,, = Ry, andé = 1. A 3dB gain is achieved

Detection performance for either PAM bit or PPM bit
a function ofé or equivalently the PPM modulation

Ny—1 for the PAM bit detection by significantly sacrificing the
s(t) = I\ /Erx /Np Y~ w(t —mTy — bog). PPM bit detection performance. ¥, is chosen such
m=0 that R,, < 0, then it is more favorable to PPM bit. This
The N, received signal segments become situation is similar to pure PPM signaling.
Since both BERSs are functions &%,, or equivalently
_ 71 d
r(t) = 1 )V Erx [Nyw(t —boa) + nm(t). d, a question arises as of its choice. Let's consider the

Using the templateU(t) = h(t) + vh(t — o4), the SER

correlator’s output becomes
p P,=1—(1—Pypam)(l — Py ppm)-

— 7,/ 7
V=1 Erx [Nf[Roo, + VR1-)5,] +/U(t)"(t)dt’ Invoking (6) and (7), it can be expanded as

where R, is the deterministic autocorrelation of pulse B
w(t) at lag 7, n(t) = N%Zmnm(t), and n,(t) are Py = Q( 2’7b(1+5)) +Q( 29 (1 —5))

independent samples with power spectrum densjty- _Q( 2y (1 + 5))@( 2 (1 — 5)). 8)

Ny/2. It can be found that the noise Iri has variance

2(Ro + vRy,)02/Ny. We would like to choosé such that the SER is mini-
For the PAM bit/(Y), v = 1, we have mized. It is a nonlinear function @f. Recall the Leibnitz

differentiation rule

Y = 1O\ En /NylRo + B+ [ ORGS0

da(2)
= f(b(2),2) — flay(2),z
regardless ob =0 or 1. Let Egx = 2E,. The BER for dz gl(z) (b:(2). 2) dz (a:(2). %)
detecting the PAM bit is n / afg”v Z)dx, 9)
a(z) <
Py pam = Q( T) For differentiating the function
whereQ(z) = [.° \/%e—ﬁ/zdt is the Q-function. If we F,(z) = v f(z, z)dz,
denotey, = E,Ry/Ny andd = R,, /Ry, then it becomes a(z)
we obtain
Pypam = Q( 2y (1 + 5))- (6) dQ(z) 1 e
= — e .
For the PPM bit/®, v = —1, we have dz v2m

(1) ~ Then taking the derivative oP; with respective tod
Y=I"y Erx [Nf[Rbo, = R(1-b)o,] +/U(t)”(t)dt' term by term and setting it equal to zero after ignoring



an irrelevant factoe=7 /4, /4w, we obtain bandwidth inefficient. Biorthogonal modulation achieves

J— (106 ) a compromise for a reasonable tradeoff between power
S + 3 + Mg 5@( 29,(1 — 5)) and bandwidth efficiency.
o PERFORMANCE BOUND WITH CHANNEL
_ﬁQ( 29(1+4)) =0. (10) ESTIMATION PENALTY

Multiplying by ¢*3\/T 8 on both sides, it becomes The template is estimated based on finite noisy obser-
’ vations corrupted by multiple access interference (MAI).

2ws |10 1— Q( 2 (1 — 6)) 1) The estimation penalty causes degraded detection per-
1-6 1 —\ formance. In [15], BER expressions for detection of
1 Q( 27b(1+5)) PAM and PPM bits are derived based on the signal
The solution to this equation can be found by th® interference plus noise ratio (SINR) and Gaussian
following observation. If5 > 0, the left hand side is approximation to the interference signal. We will derive
greater than 1, while the right hand side is less thantbe Chernoff bound in this situation.
Similarly, (11) is not satisfied for the case 6f< 0. The decision variable given by (5) is based on
The only solution to the equation & = 0. We thus _ 1)
conclude that when biorthogonal signaling is applied, the T (t) = Tl (t = O Te) + i (1), (13)
SER is minimized and the symbol detection performanggere o, = a7, uy,,(t) represents waveform estima-
is optimal. Under this condition, the proposed receivgibn error, MAI, plus noise,
is regarded as a 4-ary BO-MTR receiver. According to
(6) and (7), the individual bit detection performance is®k,m(t) = —AkmBrmShi(t + cx1e)
balanced, each of which i€(y/2). Using (8), the  +By ,om(t + & Te) + Y [AymBrmlu(t + ¢ T,)

minimum SER becomes £k
Pymin = 2Q(\27) — Q*(V/2%) > Q(v27).  (12) +Bz,mBk7mIz(,Z)hz(t + oo — Tt — b§,f3aTc)]- (14)
It can be approximated b3Q(/2,) for large . Consider the PAM bit first. Supposé;% = —1. Then

It is interesting to compare the minimum achlevablgm _ !I,?,H 1]/2 takes0 and1 with equal probability.
SER with detection performance &f-ary PAM, M-ary The decision variable is given by
PPM andM-ary biorthogonal signals whel = 4. Let
vs = Y» logy M. Analytical SER expressions for different, Tz T ()= hi(t — bynoa) + 1 o m(£)]dt
signals can be found from [16]. Figure 1 shows SERs for' 0 " Ny 4= o '
different signaling formats. Clearly, the SER achieved he probability of detection error satisfies
the BO-MTR receiver has the same performance as the
optimal receiver for 4-ary biorthogonal signals (the two Pp = Pr(y, > 0| — 1) < min EE[exp(pyn)}. (15)
corresponding curves overlap). It is much better than 4- p>0 2
ary PAM and slightly better than 4-ary PPM. Thereforesince y,, is a function of multiple random variables,

in terms of detection performance, biorthogonal signatarrying out expectation oby, ,, first, we obtain
ing is preferable. It should be mentioned that when the

reference signal is transmitted together with data signal E[GXP(Pyn)} = e PRotvhos) plepon}, (16)
with equal power, the signal energy incurs a 3dB penal\%ere
and detection performance degrades. Ty 2
A comparison can also be made among different Ro :/0 [hk(t)} dt = &k 10,0, 17
signaling formats from the perspective of the normalized .
data rate, i.e., the number of bits per second per hertz p :/ ! [hk(t)hk(t _ ad)}dt =& koo, (18)
of signal bandwidth [16]. For M-ary PAM signaling, 0 o
it is 2logo M > 1; for M-ary PPM signaling, it is -
2logy M /M < 1; for M-ary biorthogonal signaling, it b = _/ s SUL (O hi(t — b T)dE
is 4log, M /M. Thus PAM is appropriate for bandwidth- (gp X ’
limited channels at a price of increased signal energy per N
bit. PPM is suitable for power-limited channels but is " 0 Uilt) Ny ;uk’m(t)dt' (19)



For the interference plus noise term), we assume filtering, i.e., s(t) does not overlap with its delayed
it is Gaussian with zero mean whose variangeis copies.

given by eq. (20) in [15] as a function of sample size Consider the PAM bit first. Compared with the case
N, and other system parameters such /ég, noise of channel estimation errors, now we also have to take
power, PPM modulation parametey, cross-correlation expectations with respect to the random channel in order

of users’ channels, hopping codes. Then [18] to obtain an average performance bound. Wijte=
o 1, zs + zn. Then probability of detection error is upper
Eler™] = ez . (20) pounded by the Chernoff bound

Using (16) and (20), (15) becomes o1

ing (16) (20). (15) Pg <II1>1(I)1 §E{exp(pzs)}E[exp(pzn)] (24)
1 1, p

P = i) §eXp[ —p(BRo+vR,,) + 57 6"}' (21)  Each term can be evaluated as follows.

The exponent is a quadratic function pfand reaches A, Signal part

its minimum as follows whemw = (R + vR,,)/¢€n Using (16), we can find

1 1 (Ro+vRoy)? 1 1
Pp<ge ™ o = ie‘as“\”? (22) E{exp(pzs)} = Ehk{exp[—p(Ro + vRad)]}, (25)
If Pg is approximated byQ(v/SINR) as in [15], the
above result is not surprising since

where Ry and R,,, are the autocorrelation of the wave-
form as defined in (17) and (18). Using the expression
for hi(t) and noticing multiple pulses do not overlap,

R btain
Q(ZL’) < Ze /2' we O
2 Ry +VvR,, = Z hi,qakﬁﬁ
The Chernoff bound (22) is loose and can be tightened q
as ] where
Pp < ——— ¢ 5INR 23 Ty
F V21V SINR 3) Afg = % ; {82(t—Thq)—|—I/$(t—7’k,q)$(t—7'k’q—0'd)}dt.

due to the property of Q-function. The above result ifherefore
also applicable to the PPM bit. Set= —1 and replace ’

e, by the corresponding expression. L
E[exp(pzs)} = H E{exp(—pak,q’yk,q)] (26)
PERFORMANCE BOUND FOR FADING =1
CHANNELS For Rician random variable ,, it can be found that
Consider multipath fading channel for uder 1 __ pakgC
- - 1+pak,qoi’q
L. E[exp(_pak,q’yk,q)} - 1 "‘pak,qO’]%,q .
Ox(t) = Z i, g0(t — Tk q), (27)
=1 For convenience of optimization of (24), we will further

where h;,, are independent Rician random variable§ound each term on the right hand side above in an
Define v, = h%q, and Uﬁq = E{ykq}. Thenqy,, is exponential form with the exponent as a linear function

non-central chi-squared with probability density funotioof p. A positive 41 and s can be found to upper bound

(pdf) 13 and lower bound% tightly in the range) < z < 1
1 Vi, q ¢ QW as
— e “ia 2V Tkas ThE > .
p(’m,q)—gzqe @ go( 7 ), 11z ¢ 1+~ M7
, - , ..., Thus for low SNR regions
where ( is the Rician parameterp, is the modified
Bessel function of first kind and zero-th order. It reduces % < e HIPARGTE (28)
to a Rayleigh random variable {f = 0. The waveform 1+ PAk,q0k 4
takes the form ofh(t) = /Brw(t) x O4x(t) x g(t) = A G

X . — a5 < —payqpa(.
VBE S higs(t = Tig)s s(t) = w(t) * g(t). For sim- T pag o2, of, L+ pargor, = " k26

plicity, we assume paths are resolvable after matched (29)



Applying (28) and (29) to (27), we obtain C. Chernoff bound

Substituting (31) and (30), (24) becomes
E[exp(—mk,q%,q)] <eXp{—pak7q(plai7q+#2C)], g (31) and (30), (24)

1 12 2
— ] 20zn _5
Then (26) becomes Pp <3 Pa € e (35)
Li ) The right hand side reaches its minimum when=
E[exp(pzs)} <e?, E= Z ak,q(H10% 4 + p2¢)- (30) ¢fo?
q=1 _1.¢2 .
| Py < L3 _ Lo-isiNR (36)
B. Interference plus noise part 2 2
Assumez, is Gaussian with zero mean and variand¥here SINR is defined by regarding as the effective
o2 . Then signal power. The bound has a form similar to that in
Eler] = phetet, (31) (22). A tighter bound can follow (23) as well. After

settingr = —1, all results for the PAM bit are directly

lts powero? can be obtained as follows. Taking th@pplicable to the PPM bit. o
expected value of the power for non-fading channelsWe note that the approach adopted here is slightly

when N,, — oo in [15], we obtain different from [18]. Notice the following holds in general
) for function F'(p, =) of random variable: and determin-
o = ﬁE[Qk,o] + E[Ft—o.0) istic variablep
f F ik . .
) min E, [F(p, ;L')} # E, {m{}n F(p, a:)} .
+ W Z E[f.lz,k,cl—ck-‘ria,O]? (32) . .
I ik Our approach directly considersnin, £, [F(p,x)]

rather thanFE, mion(p,x)} in [18]. It is thus not

heres? £ Mo 25 t), B is the bandwidth - .
whereo, = 5B, ¢(t) = sinc(rBt), B is the bandwi surprising that SINR involves parameters and us.

of the filter. According to the definitions o, 4 and
Fi, 15.dv 4, therein, the termE[Uy(t)Ui(7)] is needed SIMULATION

for e\{alu_atlon of the tgrms on the right hand side. We verify analysis by computer simulation. The sec-
Substituting the expression ék(), we have ond derivative of Gaussian pulse wifh, = 0.7ns and
P Tm = 0.2877ns is adopted as the transmitted pulse [15].
BlU(t)Uk(1)] = 7k > 0kaPea®Bra(m); (33) The pPM modulation parametey, is chosen a$.27ns
? to achieve 4-ary biorthogonal signaling. Except when
wheregy, 4(t) = s(t —1,4) +vs(t—oq—T1,4). Therefore stated otherwise, the following typical parameters are set
7, Ns = 500 symbols, Ny = 2 frames per symbol]. =
E[Qrol =Y ok, // Ot — 7)Brqg(t)Brq(r)dtdr.  1ns, K = 4 users. Each TH code, is chosen randomly
q 0 from a set{D, -, Dy} in each of 100 independent
(34) ' channel realizationsD = 3, Dyae = D + K. T is set
to be slightly larger than the maximum channel delay
spread. Based on the IEEE UWB CML1 channel model,
= Figure 2 shows the BER performance for PAM and PPM
// ! E[h(t + cxT)h(r + cx T)E[U(t)Uy(7)dt dr  bits when channel estimation has a penalty from noisy
0 . observations. In each subplot, the experimental curve
_ PPy 2 2 / ! itar. 0 (kg1 0 (7)dE dT, is from simulation, analytical curve from approximation

Similarly, E[F7,, _.. ol is simplified as

E[ﬁ%k‘,—ck 70] =

—_— o o
4 s mRahe |, by Q-function, loose bound and tight bound are based

on (22) and (23) respectively, true channel curve is
under an assumption of perfect channel information,
Qt.aras () = Brgy (8)s(t — T1.q, + caTo). and conventional curve is based on instantane_ous _noisy
T ’ ’ template. We can observe that the tight bound is reliable
Substituting ¢, above byc, — ¢ — ia, we obtain in predicting the receiver performance for a large range
E[fzz,k,cl—ckm,o]- Substituting these results into (32), wef E;,/Ny. BER performance is also tested in a Rayleigh
obtain agn. fading scenario. Each channel has five paths with equal

where
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Figure 3 demonstrates loose and tight BER bounds f&#
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