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Abstract— A novel modulation diversity assisted (MDA) ultra-
wideband (UWB) communication system was recently proposed.
In this scheme, pulse position modulation and pulse amplitude
modulation are applied to successive transmitted pulses alter-
nately. The resulting modulation diversity helps to overcome
channel estimation difficulties in typical UWB channels and
permits low complexity receiver design. This paper considers
a near-optimum receiver for MDA-UWB systems and studies
its performance. A maximum likelihood (ML) estimator is also
derived as a performance benchmark. Although the proposed
receiver has a very simple structure, its performance approaches
that of the ML receiver as signal-to-noise ratio increases. Our
theoretical analysis is verified by computer simulations.

I. INTRODUCTION

A transmitted reference (TR) scheme has gained renewed
interests in the ultra-wideband (UWB) community because it
bypasses the difficulty of channel estimation and has a low
complexity receiver structure[1], [2]. Such a system transmits a
pulse pair for each data symbol. A pulse without data modula-
tion is transmitted before each data-modulated pulse. Because
the two pulses undergo the same multipath channel, the first
pulse in the doublet can be used as a reference to detect the
information carried on the second pulse. Such a simple TR
transceiver avoids explicit estimation of a possibly long UWB
channel while still being capable of capturing full multipath
energy. However, a TR system is bandwidth inefficient and
power inefficient by transmitting information-free reference
pulses. Consequently, many works are contributed to address
these issues. For example, [3] and [4] reduce the separation
between reference and data pulses to improve bandwidth
efficiency. In [5] and [6], a QPSK-TR modulation scheme
and a pulse interval amplitude modulation (PIAM) scheme are
presented respectively to transmit two data bits in one doublet.
[7] proposes a pilot waveform assisted modulation scheme to
reduce the number of reference pulses and discusses power
allocation between the pilot and data.

Recently, we developed a new modulation diversity assisted
(MDA) UWB system [8], [9]. At the transmitter side, pulse
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position modulation (PPM) and pulse amplitude modulation
(PAM) are employed to a pulse train in an alternating way.
As a result, two neighboring pulses have different modulation
formats. Because information is modulated differently on
pulses, diversity is created. At the receiver end, diversity can
be utilized to assist template estimation and symbol detection.
Although there are some connections between the MDA and
TR transmission schemes, it can be shown the MDA scheme
can improve both the bandwidth efficiency and energy effi-
ciency over the TR scheme. In addition, the MDA signal has
desirable spectral characteristics. After extracting the reference
signal, a low complexity correlation receiver is constructed to
demodulate information bits. Detection performance is usually
dependent on estimation. But the estimation performance is
related to detection in the proposed receiver because the
reference estimation is a two-step operation and final estima-
tion depends on initial detection. Therefore, analysis becomes
involved. Unlike [8], we do not assume initial estimation is
perfect in this paper and obtain accurate analytical results
in a closed form. We also compare the proposed estimator
with the maximum likelihood (ML) estimator and build their
connections.

II. SYSTEM MODELLING
A. Signal Model

In an MDA-UWB system, any two neighboring pulses are
modulated by different modulation methods, both PPM and
PAM. The transmitted signal is given by
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Here, p(t) is a monocycle, Ty is the frame duration and
T, = N;Ty is the symbol duration. Each frame contains one
doublet. Two information bits b\, b € {%1} are transmit-
ted during the nth symbol period. The first bit modulates the
first pulse using PPM and o is the modulation delay. The
second pulse delayed by T, is modulated by PAM. Each bit
is transmitted repeatedly in Ny frames. In order not to be
distracted from the main idea, we only consider the special



case of Ny = 1 in this paper. That means each information-
carried pulse is only transmitted once and the symbol duration
is the same as the frame duration. But discussions can be
readily extended to repetitive transmissions.

The transmitted signal is distorted by the transmitter an-
tenna, a multipath channel, the receiver antenna and additive
white Gaussian noise (AWGN). To better capture the signal
energy, we use a filter matched to the transmitted pulse. If
we define a new waveform w(t) = p(t) * h(t) x p(—t), with *
denoting convolution and h(t) capturing effects of transimitter,
channel and receiver antenna, then we can obtain the following
received signal model
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where v(t) is approximatly AWGN with double-sided power
spectral density 02 = Ny /2. After sampling every T} seconds,
we obtain discrete-time samples 7 (i) = r(¢)|¢=;1, as follows
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where Ng, Ny, L are integers satisfying Ty = N1y, Ty =
NyT; and 0 = LT;. v(i) is the sampled noise. Suppose the
duration of w(t) is Ty, and ¢ = [%1 is the order of the
discretized waveform w(t). Ty and T are chosen to be greater
than T,, + o and 2T, + o respectively to avoid inter-pulse
interference as well as inter-symbol interference. We collect
first ¢ samples within the first half frame into vector 7, ; and
similarly put first ¢ samples within the second half frame into
vector 7, o

Pp1=w+ay(J —Dw+v,1, Tho=bMw+v,s, 4

where a,, := 6(b5lo ) + 1), 6(-) is a Kronecker delta function,
and J is a square matrix after shifting down all elements of
an identity matrix I by L rows and JO=1. W, Vy,1,Vp,2 are
corresponding vectors with length q. In (4), the two separate
signal vectors corresponding to two bits are modulated by
different modulation schemes. Because the two pulses are
transmitted through the same channel, they can be used
as references for each other in order to detect information
symbols. This will become clear when we discuss the receiver
design. In addition, the inherent modulation diversity can be
exploited to obtain accurate reference signal and thus improve
detection performance. As we shall see shortly, the non-zero
mean property of PPM signals will be utilized first to construct
a preliminary low complexity template estimator. Then the
estimator is improved based on coarse estimates of PPM and
PAM inputs in order to achieve better detection performance.

B. Receiver Structure

In this subsection, we introduce a receiver to demodulate
both PPM and PAM bits. Because low complexity is a critical

requirement in most UWB applications, our aim is to design
a simple yet powerful receiver to achieve good performance-
complexity tradeoff.

In the MDA signal model (4), the information about the
pulse shape and multipath channel response is included in the
vector w. We shall use it as a reference waveform to detect
information symbols. It has been observed PPM signals have
a nonzero mean [10]. Thus a first-order blind estimator is
constructed to obtain an estimate of the reference signal w.
With (4), the mean of vector r,, 1 is

1
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average 71 = 37 »_,_q "'n,1 and minimize the estimation error

|71 — #1||%. This yields our initial estimator
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Although this estimator has a simple structure, it may have
poor performance as analyzed later. Fortunately, we can im-
prove it greatly as a result of the diversity design in MDA-
UWB systems. With the initial template, a correlation-based
detector is used to demodulate both the N PAM bits and the
N PPM bits in the same interval
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Here, the template Ww, for PPM detection resembles the
template in conventional PPM-UWB systems [11] where ¥ =
I — J. Once both bits are estimated, their waveforms can be
recovered from PPM signal 7, ; and PAM signal r,, o, and
used to 1mpr0ve our template estimate. From PAM signal, w
is extracted as bn T5,2. To extract w from PPM signal, denote
Y, the vector with first ¢ samples of the nth frame and Y, the
vector with samples from L to L + q. We can see yJ,, = Ty, 1.
Since a,, can be either zero or one, correspondingly yielding
waveform w or Jw according to (4), w can be recovered
from r;, 1 by §,, +an(y, —,). Therefore, a cleaner reference
signal is obtained through a simple average operation
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As we will show in the next section this is a much better
estimate than w. It will be used to construct correlation tem-
plates for symbol detection. The detection process is similar
to (7), with Wy being replaced by the improved waveform w

b0 = sgn (1) 1),
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In order to further improve system performance, we may
continue to update the estimate of w in an adaptive way for
n > IN as more data are received [12],[13]

W N1 = pln-N + Ty +an(y, — Fn) + 002, (10)



and perform symbol detection using this updated w each time.
Here, 1 < 1 is a forgetting factor, which can be set to a
constant value or adjusted dynamically to achieve optimal
performance.

In this paper, we present a discrete-time model and digital
receivers for MDA-UWB systems. Further study on the quan-
tization effect using low resolution high rate analog-to-digital
converters (ADCs) can be carried out but beyond the scope of
this paper. Interested readers are referred to [4], [3] for detailed
discussions on this topic. In addition, if analog implementation
is desired in low complexity and low cost applications, the
proposed MDA-UWB system can be implemented in analog
circuits because of the unique structure of T' and consequently
T~ in (6) as a power series of J, equivalently multiple delay
operations.

C. Maximum Likelihood Estimator

Performance of correlation receivers highly depend on how
well the template is estimated. In this subsection, we first
develop an ML template estimator for the MDA system and
then compare it with the estimator used in our proposed
receiver.

Consider a time interval of NT,. The received data vector
is 7 := [ry,r9, -, rn] of size NN x 1. Corresponding
noise-free signal conditioned on the 2/N-bit data vector b; =
[bg?i), b&), cee bs\??i, bg\l,?i]/ (i=1,2,---,2%V) is ;. Assuming
equal a priori probabilities of the 22N data vectors, the
likelihood function after ignoring constants irrelevant to w
is given by [14],[15]
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Our objective is to maximize this likelihood function. Then the
parameter Wy, = argmaxqy pr(r|w) is the ML estimator
of w. It is shown the ML estimator satisfies the following
equation [9]
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and tanh(-) is the hyperbolic tangent function. Comparing (12)
with (8), we can see G; and Gy play similar roles as a,
and 5%1), given by (9). Corresponding decision functions are
Gi(z) = (e* + 1)71, Ga(x) = tanh(x), d(sgn(x) + 1) and
sgn(z) respectively. We can observe some similarities from
their plots in Fig. 1. However, d(sgn(x) + 1) and sgn(z) are
piecewise functions while G1(x) and Gy(x) are continuous
functions. Thus, G; and G5 can be interpreted as soft decisions
of a, and b%l). If they are replaced by hard decisions a,
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Fig. 1. Tllustration of different decision functions.

and /b\%l), we end up with our proposed estimator (8). It can
be expected that the optimal ML estimator w s has better
performance than the estimator w;. But it shows much higher
complexity to solve (12) for w sz, because G and G are still
highly non-linear functions of @w ;. It has to be solved iter-
atively. The convergence relies on initialization. If the initial
guess is far away from the true vector, the iteration may never
converge to the optimum and performance will be very poor.
As we will see from simulations, performance degradation
of w; is marginal compared with w ;1. The good trade-off
between performance and complexity motivates our adoption
of estimator w; instead of wy,r. This suboptimal estimator
can even converge to the ML estimator at high signal-to-noise
ratio (SNR). To avoid iteration in solving w;r,, one can derive
an approximate ML estimator by approximating both nonlinear
functions G; and G5 with piecewise linear functions as in [14].
But the solution is found to be unstable with large /N. Due to
limited space, we omit detailed discussions here.

III. PERFORMANCE ANALYSIS

We give performance analysis of the receiver in this section.
For correlation receivers, detection performances are depen-
dent on the accuracy of estimated template. Now we first
derive the general expression of bit error rate (BER) when
a correlation receiver and estimated template w are used.
Then we will evaluate template estimation performance in the
measure of mean-square-error (MSE).

Define the template error as dw := w — w. Its mean and
correlation matrix are m = E{dw} and I' = F{dwiw'}
respectively. The decision statistic of PPM demodulation in
(7) and (9) is

D, = [¥(w + éw)]'[w + ap(J — Dw +v,1].  (13)
After expansion, it becomes
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Its mean conditioned on a,, = 0 is
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The variance conditioned on a,, = 0 is
Var{D,la, = 0} = 02w ¥'Tw + w PP w
+ o2tr(PTW') + 202w ¥ Tm, (16)
where II = T' — mm/ is the covariance matrix of template

estimation error. Similarly, the mean and variance conditioned
on a, = 1 are

E{D,la, =1} =w'¥'Jw + m'¥' Jw, (17)
and
Var{D,la, = 1} = 02w ¥ bw + w' J ¥ Jw
+ o2tr(PTW') + 202w ¥ Tm  (18)

respectively. Then the averaged BER for PPM modulated bits
is
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From (7), the decision statistic of PAM demodulation is

Its mean and variance conditioned on bg) = 1 are found to
be
E{Dy |tV =1} = w'w + m'w, 1)

Var(Dg b)) = 1) = o2w'w + w'Tw + o 2tr(T) + 202m’w.

(22)
It is easy to verify the error probability conditioned on bﬁf) =
—1 is the same as that given b£}) = 1. Because the two values
are equally probable in data sequence, the average BER of
detecting PAM bits is

E{D,|p}" =1}
\/Var(Da|b$}> =1)

It is clear from (19) and (23) that detection performance is
related to the template estimation through m and I'. Next, we
will derive these quantities for both proposed estimators wy
and w;.

For the estimator (6), we obtain

N
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dwy has zero mean my = 0 and correlation matrix I'g equals
covariance I

PPAM = Q( ). (23)
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where 67,1 := 5,1 — 1. Under our assumption of no inter-
symbol interference, r,, 1 and r,,, 1 are independent for n; #
ngo. Then (25) can be simplified to
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Invoking (4) and (5), E{dr, 107}, 1} can be evaluated

1
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Substituting (27) into (26), we obtain
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The MSE of the estimator wq is calculated as the trace_ of
the above matrix. Let us denote the error probabilities of b
and b( in (7) as Py, and Py, respectively. Subscript “0”
refers to wg, “p” represents PPM and “a” PAM. Then BERs
Py and P , are calculated by (19) and (23) after considering
m = 0 and (28).

The analysis of the estimator (8) and corresponding BERs
are more complicated because it depends on the detection
performance of b;") and bg), and in turn on performance of
wg. Without loss of generality, we assume all errors appear in
the leading positions of any given data block of size 2N bits.
The average number of errors among the N bits for PPM is
NPy, and that for PAM is N P, ,. Because wrong detections
imply @,, becomes 1—a,, and 3%1) becomes fbﬁf), the template
estimation error dw; := Ww; — w can be calculated using (8)

as
1 NP,
1 5o+ (y, — 5,00 an)]
vt 2 (Bt =T )
N
n=NPy ,+1
NPy,a
+z bV ) + z bz} —w. 29)
n=NPy ,+1
Invoking
Y, =w+ ap(Jw —w) + v, 1,
gn = le + (Ln(w - J/w) + J/vn,l + 6n,lv
we obtain
1 NP,
dw; = ﬁ{ ; [J'w+ a,(Jw — J'w) —w
+ len,l + an(vn,l - J/vn,l) + (]- - a’n)gn,l]
N
+ Z ['Un,l + an(']/vn,l - vn,l) + anan,l]
n=NPy p+1
NPO a
—2NPyw =Y bNv, s+ Z by vnz} (30)
n=1 n=NPFy q+1

where v, represents a ¢ x 1 vector with only L nonzero
noise samples appearing at the tail. The mean and covariance
matrix of dw; can be computed
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where T is a matrix of all zero entries but with only L ones
appearing on the trailing main diagonal. The correlation matrix
becomes I'y = II; + mym/. Substituting Ty, (31) and (32)
into (15)-(18), and the corresponding results into (19), we can
obtain the BER for PPM bits, denoted as Py ;. Similarly, using
'y, (31), (32), and (21)-(23), we obtain the BER for PAM bits,
denoted as P ,.

With the above analytical results, we can gain more insights
about performance of estimators wg, w1 and corresponding re-
ceivers. Obviously, the mean of w; (31) is nonzero in general.
Therefore, w1 is a biased estimator. But with increasing SNR,
both P, and I, decrease and the bias reduces. Despite the
bias, the MSE of w; is usually much smaller than that of w.
To see this point, we notice both Py, and P, , are below 1072
for medium to high values of SNR. Consequently, applying
(31) and (32), it is reasonable to approximate the MSE of w1,
which is the trace of I'y, with

1 . 2
tr(Ty) ~ tr(m—N[GagI 2020 + 20511) - %q. (33)

On the other hand, the trace of the second term of (28) is
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where d := [{] and we have used the fact that
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As a consequence, tr(T';) < 41[\’,”q < tr(Ty) even if we

ignore the first positive term in (28). For low SNR, the above
reasoning still holds if NV is not too large because the last three
terms of II; dominate in I';. Thus, we conclude the estimator
w; improves the performance of w, substantially, and much
lower probability of error can be achieved if w; is used as a
correlation template.

IV. SIMULATIONS

The transmitted monocycle is chosen as normalized second
derivative of Gaussian pulse with effective duration of 0.7ns.
A discrete-time IEEE 802.15 multipath channel model CM1
[16] with sampling period 0.1ns is adopted, which describes
line-of-sight (LOS) channels between 0 and 4 meters. The tail
of channel is truncated so that the maximum delay spread is
40ns. 50 randomly generated channels are used for simulations
and are assumed to be static. The receiver is sampled every
T; = 0.1ns. Other system parameters are chosen as Ty = 42ns,
T, = 84ns and PPM modulation delay ¢ = 0.8ns. SNR is set
at E,/Ny = 15dB and the length of data bits employed for
template estimation is only N = 100.

Averaged MSEs of the two template estimators (wg and
w;) with respect to data length N are plotted in Fig. 2.

The circle symbol represents the simulated performance of the
initial estimator wq while star the final estimator w;. MSEs
decrease with increase of N for both estimators. The plot
confirms our previous conclusion that estimator w; signifi-
cantly outperforms wg. The improvement is almost two orders.
For verification purpose, we plot the analytical results in the
same figure. Analytical curves for both estimators match with
corresponding simulations perfectly well. MSE with respect
to SNR is presented in Fig. 3. We can still observe linear
decreasing of MSE with increase of SNR in this figure. But
from analytical expressions (28) and (32), we know there is
an error floor above a certain SNR with finite N. Since this
critical SNR is very high, the error floor does not appear
within our observation window. ML estimation results are also
presented in this figure. It is initialized using our estimator
W, and obtained after five iterations. We notice the difference
between the estimator w; and the ML estimator is marginal.
The MSE curve of w; converges to that of the ML estimator
at high SNR. This implies that w; is asymptotically optimal.

Next, we examine the error performance of our proposed
receivers in Fig. 4. Since performances of PPM bits and
PAM bits are different, we plot their BERs separately. A
good agreement between analysis and simulations can be
observed. Compared with each corresponding ML receiver,
the proposed receiver has some performance loss. But the
difference diminishes with increase of SNR.

V. CONCLUSIONS

Because low complexity and low cost are critical require-
ments in most UWB systems, a modulation diversity assisted
UWB system is particularly suitable for UWB applications.
A near-optimum MDA-UWB receiver is studied in this paper.
Both estimation performance and detection performance are
analyzed in detail. It is shown the proposed receiver employs
hard decision functions in reference estimation while a maxi-
mum likelihood estimator uses soft-decisions. As a result, the
proposed receiver has much lower complexity but is still able
to attain the same performance as ML receivers at high SNR.
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