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Abstract—Multiple-symbol detection (MSD) is a powerful tech-
nique to improve the power efficiency of noncoherent receivers.
In this paper, we derive the MSD metric for impulse-radio ultra-
wideband for the general case of biorthogonal pulse-position
modulation (bPPM) and relate it to its special cases BPSK and
PPM. This unified treatment allows us to conduct a comparison
of MSD of amplitude- and pulse-position-based impulse-radio
signaling schemes in terms of power and spectral efficiency, as
well as in terms of complexity.

I. INTRODUCTION

One of the main advantages of the impulse-radio ultra-
wideband (IR-UWB) technique in low-complexity transmis-
sion systems is its ability to employ noncoherent receivers
even in dense multipath propagation scenarios envisioned in
typical indoor UWB scenarios [1].

The gap between coherent and noncoherent detection in
power efficiency, i.e., in the required signal-to-noise ratio to
guarantee a certain bit error rate (BER), can be closed by
replacing conventional symbol-by-symbol noncoherent detec-
tion with a joint detection of a block of symbols, i.e., per-
forming multiple-symbol detection (MSD). In particular, we
consider MSD for differential transmitted reference (DTR) IR-
UWRB [2], a signaling scheme applying differentially encoded
binary phase-shift keying (BPSK). Further considered signal-
ing schemes are orthogonal M -ary pulse-position modulation
(M-PPM) [1] and the combination biorthogonal PPM (M-
bPPM), i.e., the negatives of the orthogonal PPM signals are
included in the signal set, yielding in total 2 signal elements.
Based on generalized-likelihood ratio testing (GLRT), similar
to the approach in [3], we derive the MSD metric of M-bPPM
IR-UWB, and relate it to its special cases M -PPM and BPSK.

In [4] these IR-UWB signaling schemes have been com-
pared for transmission over the AWGN channel, while [5]
restricts to noncoherent detection of AM-PPM in multipath
environments. In this paper, we compare the power efficiency
of coherent and MSD-based noncoherent receivers for these
signaling schemes in a typical UWB multipath propagation
scenario. However, only in conjunction with an evaluation
of the receiver complexity and the spectral efficiency of the
signaling schemes, i.e., the supported number of bits per
second per Hertz, we can draw commensurable conclusions
from the numerical results. To this end, we evaluate the IR-
UWB variants in the power-bandwidth plane [6].

This paper is organized as follows. In Section II, we intro-
duce the system model of M-bPPM IR-UWB used throughout
this paper, then derive the MSD metric in Section III, and
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relate it to the special cases of AM-PPM and BPSK. Section
IV compares these signaling schemes via numerical results in
terms of power and spectral efficiency, and complexity. We
conclude with a summary in Section V.

II. SYSTEM MODEL
A. Transmit Signal

The transmit signal of biorthogonal M -ary PPM (M -bPPM)
IR-UWB is given as

+oo
s(t) = \/Ex /TZ bip "X (t — a; A — iT)

where a;, € A = {0,...,M — 1} are the PPM information
symbols and b; € B = {+1} are the differentially encoded
information symbols d; € {£1}, i.e., b; = b;—1d; and by = 1.
pTX(t) is the transmit pulse of unit energy and duration T,rx
in the order of nanoseconds, A is the PPM interval, E; is
the energy per bPPM symbol, and T = MA is the symbol
duration. Neglecting the reference for differential encoding,
by, and assuming i.i.d. equal probable data symbols, each
symbol conveys log, (M) + 1 bits, hence the energy per bit is
Ey, = Es/(logy(M) + 1). To preclude inter-pulse and inter-
symbol interference even in dense multipath environments
and allow for multiple-access capability of a large number
of simultaneous users, the PPM interval is chosen sufficiently
large, ie., A = 3 - T,rx with 8> 1.

(¢))

B. Spectral Efficiency

Independent of the signaling scheme the transmit signal (1)
utilizes a bandwidth approximately proportional to the inverse

of the transmit pulse duration, i.e., ~ % , with a constant ¢,

depending on the specific pulse shape (cpp ~ m for the Gaussian
monocycle considered later). Hence, the spectral efficiency in
bits per second per Hertz of M-bPPM is

1 +logy(M) 1 bits/s
M B Hz

2

TvppMm =

C. Receive Signal
Having passed a multipath propagation channel with im-
pulse response 2 () and a receive filter h?%(t), the received
signal can be written as
+o00o
r(t) = Z bip(t — a; A —iT) + n(t) 3)
i=0
where p(t) = \/E/T-p X (t) * hCH (t) « hRX(¢) is the receive
pulse shape, and n(t) = ng(t) * hBX(¢) is filtered white

Gaussian noise ng(t) of two-sided power-spectral density
No/2.
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D. Coherent Detection

For comparison we recall coherent detection of M-bPPM,
assuming ideal knowledge of the receive pulse p(¢). For this
case, no MSD is necessary and each symbol may be detected
by first deciding the transmitted PPM interval based on the
magnitude of the crosscorrelation of receive signal and pulse
shape, and then the BPSK symbol according to the sign
transition in the corresponding interval [6].

III. MULTIPLE-SYMBOL DETECTION

At the receiver MSD is performed, i.e., the transmitted
sequences @ € A" and b € BY are decided blockwise based
on the receive signal in the interval 0 < ¢ < NT (without
loss of generality we consider the interval starting at ¢ = 0).
The channel is assumed to be constant in this interval, which
in typical indoor UWB communication scenarios is fulfilled
especially for moderate N [7].

A. Decision Metric

Since the additive noise is Gaussian, we base the joint
decision of N information symbols on the log-likelihood
metric with respect to a receive signal hypothesis 5(t) =
vagol bip(t — @A —iT) corresponding to the trial symbols
a = [do,...,ﬁ,]\rfl] S .AN, b = [b07...7bN71] € BY and
a hypothesis p(t) for the unknown receive pulse p(t), both
assumed to be of duration 77 < A. Due to the differential
encoding the reference sign common to all bi, i > 1, does not
influence the decision metric and may be set to by = 1.

Following the GLRT approach [8], in contrast to a
maximum-likelihood criterion, we perform an explicit opti-
mization over the unknown receive pulse shape p(t) [3], i.e.,

. NT

[@ b] = argmax max / (2-7(t)3(t) — §°(1)) dt
acAN, bepy Pt Jo

bo=1

and hence do not draw any assumption on the a-priori prob-
ability density function of the multipath arrival times or path
gains, apart from the assumed pulse duration 77. However,
this GLRT approach leads to the very same decision metric
as the ML-approach in [9], derived based on the assumption
of a Gaussian distribution of the channel coefficients and a
flat power-delay profile of duration 77. Hence, under these
conditions the GLRT estimate is equal to the ML estimate.

Recalling that both p(t) and its hypothesis are assumed of
equal duration 77 and bf = 1, with straightforward calcula-
tions, we obtain

~ T Nl ~
[@ b = argmax max / p(t) Z bir(t + a; A +4T)
acAN, ey P Jo i—0
l;[):l N
-5 -]52(15)] dt .

Similar to [3], fixing a and 5, we solve the maximization
over p(t) analytically using variational calculus (omitted for
brevity), and obtain a MSD metric for M-bPPM solely based

on the receive signal in the observation window 0 <t < NT'
2

~ T [NZ1 ~
[@ b] = argmax / {Z bir(t+a,A+4T)| dt.
acAN, beBN JO i=0
- “)
bo=1

The assumed receive pulse duration 77, the integration interval,
should be set on the one hand large enough to capture
sufficient energy of the receive signal, and on the other hand
as small as possible not to accumulate too much noise.

Solving (4) requires finding the maximum of 2V—'MN
combinations of weighted receive signal intervals, hence, only
moderate values of IV seem to be applicable. For sufficiently
high sampling frequency, (4) can straightforwardly be formu-
lated to work on the sampled and quantized receive signal,
analog delay lines can hence be avoided [9]. Implicit restric-
tions on the sequences a and b, as, e.g., in DTR signaling,
can be used to reduce the number of candidates, yet, this is
not considered here.

Due to the differential encoding, N = 1 does not lead to
reasonable performance. However, a natural way to overcome
this is to perform symbol-by-symbol energy detection (ED) of
the M-PPM part (N = 1) and differential detection (DD) of
the BPSK part (N = 2).

B. PPM

The special case of MSD of M-PPM IR-UWB results
by setting b, = 1, Vi (each symbol now conveys log, (M)
bits, hence Ey, = FE;/log,(M)), and the corresponding MSD
metric is given as

T [N-1
@ = argmax / Sor(t+aA+dT)| dt. (5
acAN Jo i—0

If N =1, (5) corresponds to ED of M-PPM.

C. BPSK

Similarly, MSD of a solely BPSK modulated signal can be
viewed as a special case of MSD of M-bPPM. Setting M =1
(A = {0}), each symbol represents a single bit, hence Ey, =
FE. Note that b; still are the differentially encoded information
symbols. Using 522 = 1, the corresponding MSD metric can
be rearranged [3], yielding the triangular structure

) N—-1i—-1 . Tr

b = argmax szb] / r(t+¢T)r(t+jT) dt . (6)
beBN i1 j=o 0
bo=1

Hence, for the special case of BPSK signaling the MSD metric
in (4) reduces to an autocorrelation of the receive signal with
delays being multiples of the symbol duration 7, followed by
maximization of the decision metric, as shown in [2], [3]. The
latter can be formulated as a tree search problem and is effi-
ciently implemented by the sphere decoder (SD), which avoids
testing all 2V ~1 candidate sequences (complexity exponential
in N), resulting in effectively polynomial search complexity
for a wide range of signal-to-noise ratios. Thus considerably
larger MSD window lengths N compared to a full search as
required for MSD of PPM become amenable [3], [10].
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10log (En/Ny) [dB] —
Fig. 1. BER vs. E,/Ng in dB for MSD of 2-bPPM IR-UWB with

different /N in comparison to conventional ED (N = 1), coherent detection,
and ED/DD detection (dashed). Gray lines: analytical/approximate BER.

4-bPPM

N=1:

10 i i i i i i
4 6 8 10 12 14 16 18 20

10log (Ey,/No) [dB] —
Fig. 2. BER vs. E,/Ng in dB for MSD of 4-bPPM IR-UWB with

different /N in comparison to conventional ED (N = 1), coherent detection,
and ED/DD detection (dashed). Gray lines: analytical/approximate BER.

In a similar way, MSD of M-bPPM can be realized with
MN parallel autocorrelation receivers, each tuned to one PPM
sequence followed by a SD to find the corresponding BPSK
part. This puts most of the receiver complexity on detection
of the PPM part, while the BPSK part is decided with little
additional effort.

IV. COMPARISON

We compare MSD of the various signaling schemes via
numerical results in a typical UWB scenario, where we assume
no inter-symbol interference (1 chosen sufficiently large),
T,rx = 1ns, and p™>(¢) is a Gaussian monocycle with 10 dB
bandwidth of 3.3 GHz and 2.25 GHz center frequency. The
propagation channel is modeled according to IEEE-CM 2 [7]
with each realization normalized to unit energy. The receive
filter is modeled as an ideal 3 GHz bandpass filter around

10 i i i i i i i
4 6 8 10 12 14 16 18 20
101og (Ey/No) [dB] —
Fig. 3. BER vs. E},/Np in dB for MSD of BPSK IR-UWB with different

N in comparison to conventional ED (N = 1), DD (N = 2) and coherent
detection. Gray lines: analytical/approximate BER.

2-PPM

" ‘ ‘ ‘ ‘ ‘ ‘
4 6 8 10 12 14 16 18
10log (Ey,/No) [dB] —

10

20

Fig. 4. BER vs. E},/Np in dB for MSD of 2-PPM IR-UWB with different
N in comparison to conventional ED (IN = 1) and coherent detection. Gray
lines: analytical/approximate BER.

the pulse center frequency and a good compromise for the
integration time is 71 = 30 ns.

In all figures, gray lines represent approximate BER ex-
pressions of ED/DD, which directly result from a Gaussian
approximation of the decision metric in the spirit of [2], [11],
[12], and the analytical BER for the well known case of
coherent detection [6] (omitted here due to lack of space).

Exemplary, Figure 1 and Figure 2 depict the BER of MSD
of 2 and 4-bPPM IR-UWB, respectively. The dashed line
corresponds to the low-complexity detection (see Section III),
i.e., symbol-by-symbol ED of the PPM part followed by DD
of the BPSK part. Already MSD with N = 2 leads to a
gain of 2dB in comparison to ED/DD at BER = 10~°. With
increasing N performance is improved further and approaches
that of coherent detection.

Turning to BPSK, MSD using the SD however enables
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Fig. 5. Trade-off power vs. spectral efficiency at BER = 10~ of IR-UWB
coherent detection and MSD with parameter N as indicated. Solid lines: M-
bPPM, dashed: M-PPM, dash-dotted: BPSK. Colored markers: MSD with an
equal number of candidates. Dotted lines: analytical/approximate BER.

considerably larger /N in the order of 30 and results in
performance close to coherent detection (1 dB difference for
N = 30 at BER = 107%), as depicted in Figure 3. Here
N = 2 corresponds to conventional autocorrelation DD.

Considering 2-PPM, from Figure 4 it can be seen, that again
already the joint decision of two 2-PPM symbols leads to a
gain of more than 2dB compared to conventional ED. Larger
N bridge the gap to coherent detection of 2-PPM with ideal
knowledge of the receive pulse shape. In comparison to 2-
bPPM, for a fixed N 2-PPM shows a loss of approximately
3dB, indicating that the PPM part dominates the bPPM
performance.

For the same setting as above, Figure 5 visualizes the trade-
off between power and spectral efficiency (see (2)) of the
studied signaling schemes at BER = 10=%. The lines are
parameterized by the MSD window parameter /N (indicated
next to the dots), where the left most dot corresponds to
coherent detection and the right most dot to DD (N = 2)
for BPSK, to the low-complexity detection as described in
Section III (termed ED/DD) for M-bPPM, and to ED (N = 1)
for M-PPM. Dotted lines represent the performance resulting
from analytical/approximate BER expressions. Markers flag an
equal number of candidate sequences required for MSD (in-
dicating the receiver complexity—further complexity reduction
due to the application of the SD for MSD of BPSK may be
possible).

The gain achieved by increasing the MSD window NV, nat-
urally accompanied with an increase in receiver complexity, is
similar to all the signaling schemes. However, it is important to
note that signaling schemes making use of the sign information
of the pulse, i.e., BPSK and M-bPPM, lead to a significant
increase both in power and in spectral efficiency in comparison
to the solely pulse-position-based scheme M -PPM.

Fixing the number of candidate sequences in MSD, i.e., the
dimensionality of the search problem (M-bPPM: 2V =17V,
BPSK: 2V—1 M-PPM: MYN), from the markers in Figure 5 it
can be seen that under this constraint BPSK and 2-bPPM, both

signaling schemes using the sign of the pulse, achieve very
similar power efficiency, which is substantially higher than that
of 2-PPM. Only higher-order PPM overcomes this drawback,
however, at the cost of considerably reduced spectral effi-
ciency. This extends the well-known fact for coherent detection
[6] and the conclusions of [4] to the case of MSD-based
noncoherent detection of IR-UWB in multipath propagation
scenarios.

Note that the significant complexity reduction achieved with
the application of the SD in MSD of BPSK (and similar in M-
bPPM) is not mirrored in Figure 5. The advantages of BPSK
and M-bPPM in terms of power and spectral efficiency are
accompanied by a reduction in the complexity of noncoher-
ent receivers, which further substantiates to favor sign-based
schemes, i.e., BPSK or M-bPPM, over pulse-position-based
schemes in IR-UWB systems.

V. CONCLUSIONS

In this paper we have compared MSD-based noncoherent
receivers for IR-UWB using BPSK, PPM, and biorthogonal
PPM with respect to performance, complexity, and spectral
efficiency. To this end, we derived the MSD decision metric
of biorthogonal PPM IR-UWB and related it to its special
cases of PPM and BPSK. While the gain achieved with
increasing MSD block length is similar for all IR-UWB
signaling schemes, making use of the sign information, i.e.,
BPSK and biorthogonal PPM, proves preferable to solely PPM
not only in terms of power and spectral efficiency, but also in
terms of complexity.
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