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Non-Coherent UWB
Communications
Mike Wolf, Nuan Song, and Martin Haardt

Abstract – Non-coherent receivers have become promising candidates for low complexity and low power
ultra wide band (UWB) systems. We discuss the performance of energy detection and differential detection in
additive white Gaussian noise, Rayleigh fading, and multipath environments. It is shown that non-coherent
receivers can easily collect the multipath energy by means of equal gain combing. The loss (compared to
quite hypothetical coherent channel matched filter detection) which is introduced by this suboptimal
combining technique is tolerable, if the receiver utilizes a filter matched to the transmitted waveform. A
system concept for low data rate communications based on frequency hopping and complete digital
baseband processing is also presented.

Index Terms – low data rate, UWB, non-coherent, small scale fading, matched filter, analog-to-digital
converter, frequency hopping, differential OFDM

1 Introduction

In Feb. 2002, the US federal communications commission
(FCC) permitted the operation of UWB transmitters in the
frequency band from 3.1 to 10.6 GHz at an effective isotropic
radiated power spectral density of -41.3 dBm/MHz [1]. In the
past, many original UWB system designs targeted to use the
whole available bandwidth of 7.5 GHz at once via the
emission of very short sub-nanosecond pulses.

A large bandwidth � in case of UWB at least 500 MHz �
has many benefits for communications. It can provide a very
robust performance even under harsh multipath and interfer-
ence conditions, the capability of precision ranging and a
reduced power consumption. Since the power spectral density
is very low, it is possible to overlay UWB networks with
already existing non-UWB emissions.

Nevertheless, some serious problems will also occur if the
signal bandwidth is increased more and more. These problems
are related to the transceiver components themselves (avail-
ability of broadband antennas, amplifiers etc.), and to the
technical effort which is required for synchronization, channel
estimation, and interference rejection. Since UWB networks
operate in frequency bands already assigned to other RF-
systems, the probability that narrowband interference occurs
at all increases with the bandwidth, too. Furthermore, by
increasing the bandwidth, more and more multipath arrivals
with different path gains and delays are resolvable at the
receiver, which makes it difficult to collect the multipath
energy coherently, although the receive power at the antenna
input does not suffer from the fading effect.

Early UWB approaches have almost exclusively relied
upon carrier-less time hopping impulse radio. However, by
taking into account the bandwidth related challenges and also
important changes in the UWB-regulation1, it is not astonish-
ing that a lot of alternative concepts like orthogonal frequency
division multiplex (OFDM) [5], frequency hopping (FH) [6],
chirp or direct-sequence spread spectrum modulation [7] have
been demonstrated recently.

This paper focuses on non-coherent UWB transmission,
which is an attractive candidate especially if simple and robust
implementations with small power consumption are required
[8]. It should be noted that the current IEEE 802.15.4a UWB
Physical layer for low data rate personal area and sensor
networks [9] has been developed such that it enables non-

coherent detection, too. A non-coherent detector can collect
the multipath energy very easily by means of equal gain
combining, i. e., by means of a simple integrator and without
any channel estimation. Compared to coherent solutions, the
effort with respect to the receiver synchronization is consid-
erably reduced.

Non-coherent detection can either rely on energy/envelope
detection or on differential detection. With respect to energy
detection, we consider an orthogonal binary pulse-position
modulation (2-PPM) system. 2-PPM is the ”essential” mod-
ulation for the IEEE 802.15.4a UWB PHY2. Differential
detection requires either differential phase-modulation or
transmit-reference signaling (TR). In the second case, the
phase of the current modulated symbol is not compared to the
previous one but to an unmodulated reference pulse. We
choose differential binary phase-shift keying (DPSK) exem-
plarily, and discuss TR in Section 3.2, too.

2 Modulation and Detection

2.1 2-PPM Energy Detection

If Eb denotes the mean energy per bit, a 2-PPM signal (single
carrier with fixed carrier frequency) given in the complex
baseband can be written as

sðtÞ ¼
ffiffiffiffiffiffi
Eb

p P1
n¼�1
ð1� bnÞy0ðt � nTbÞ þ bny1ðt � nTbÞ;. (1)

where y1(t) = y 0(t�Tb/2) needs to be orthogonal to y 0(t). Tb

is the bit interval, which is split into two subintervals each of
length Tb/2. Depending on the binary information bn, bn 2 {0,
1}, to be transmitted, the waveform

ffiffiffiffiffiffi
Eb

p
y0ðtÞ is generated

either at the time Tb or Tb/2 seconds later. For single carrier
transmission with a fixed carrier frequency, the unit energy
basis function y 0(t) needs to exhibit a bandwidth of at least
500 MHz, i. e., it is a spread spectrum waveform. For example,
according to the IEEE 802.15.4a UWB PHY, y 0(t) consists of
a single pulse with a duration of 2 ns (or less) or a burst of up to
128 such pulses with a scrambled polarity. The burst duration
is much smaller than Tb.

The block diagram of an energy detection receiver is shown
in Fig. 1 a). It is important to note that the system is still
modeled in the complex baseband. A ”true” detector would
either require an additional quadrature down-conversion1 In Europe, beginning with 2011, -41.3 dBm/MHz is permitted only

between 6 and 8.5 GHz, if no detect and avoid (DA) techniques are
implemented [2]. With DA, -41.3 dBm/MHz is also permitted between 4.2
and 4.8 GHz [3]. Both in the US [4] as well as in Europe the regulation is now
technology independent.

2 Binary Phase Shift Keying is also used, but only to convey a redundant bit
created by a systematic convolutional code. This bit may be used for error
detection if coherent detection is used.
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stage (with the inphase and the quadrature components being
the real and the imaginary part of the received signal) or an
additional bandpass filter at its input. It is assumed that the
receiver utilizes a filter which is matched to the transmitted
signal y 0(t). Without multipath, this ensures that the energy
Eb of the received signal r(t) is focused either at the sampling
time nTb or Tb/2 seconds later. With multipath, it ensures that
the energy dispersion at the filter output is only caused by the
multipath propagation itself, see Section 3.3. For example,
according to the IEEE 802.15.4a UWB PHY a receiver needs
to perform a matched de-chirp operation, if the optional
”chirp on UWB” pulse is used.

The main difference compared to coherent detection is the
squaring device, which removes any phase/polarity. This
enables the usage of an integrator for equal gain combining
of the multipath arrivals, where the integration time depends
on the delay spread of the channel.

2.2 DPSK Differential Detection

A (single carrier) DPSK signal given in the complex baseband
can be written as

sðtÞ ¼
ffiffiffiffiffiffi
Eb

p P1
n¼�1
ð2~bn � 1Þy0ðt � nTbÞ; (2)

where ~bn ¼ bn � ~bn�1, ~bn 2 f0; 1g, denotes differentially en-
coded bits.
The corresponding receiver block diagram is shown in Fig. 1
b). In this case, the phase/polarity is removed by multiplying
the received (and filtered) signal with its complex conjugated,
delayed version. For differential modulation, the delay needs
to be as large as the symbol interval (or multiples of the
symbol interval, if non-adjacent bits are used to build ~bn). This
renders analog realizations of the receiver rather difficult or
even impossible, since delays with a huge delay-bandwidth
product are required. Furthermore, analog realizations would
require two of those delays, if quadrature down-conversion is
used. If the delay takes place on the received bandpass signal
(as in fiber optical DPSK receivers), then only one delay line is
required, but the delay accuracy needs to be much more
precise than 1/fc, where fc is the carrier frequency.

There are several solutions to solve this problem. One is TR
signaling [10], which has been intensively discussed in the
UWB community. In this case, the modulated symbol is not
compared with the previous one but with a reference pulse
additionally transmitted within Tb. This approach reduces the
delay bandwidth product at the cost of a 3 dB loss caused by
the unmodulated reference and a further loss caused by
multipath induced intra-symbol interference [8].

Another possibility would be to sample the signal prior to
the delay or prior to the matched filter, which requires high
speed analog-to-digital converters instead of ”high speed”
delays. It should be noted that differential UWB does not

require spread spectrum signals. Differential phase modula-
tion is also well suited for OFDM, which will be discussed in
Section 3.2. In this case, the main parts of the receiver are also
completely digital.

3 Performance Analysis

3.1 Performance in AWGN

The Eb/N0-performance in ideal AWGN acts as a benchmark
performance (N0 is the technical noise power spectral
density). A non-coherent UWB receiver operating in multi-
path may nearly achieve this reference performance, if a
strong line-of-sight path exists. In this case, the integrator can
be omitted.

It is beyond the scope of this contribution to derive the bit
error rate (BER) pb of non-coherently detected 2-PPM and
DPSK, since the derivations can be found elsewhere [11]. The
results are shown in Table 1 and Fig. 2. However, it is
remarkable to note that the decision variable yD shown in
Fig. 1 a) for 2-PPM energy detection exhibits exactly the same
statistic as the one shown in Fig. 1 b) for differential DPSK
detection, except that the parameter N0 needs to be replaced
by N0/2 in the latter case [10], i. e., DPSK outperforms 2-PPM
by 3 dB.

Fig. 2 shows that at pb = 10-3, non-coherent detection
introduces a Eb/N0 performance loss of approximately 1.2 dB
compared to coherent detection.

3.2 Performance in Rayleigh Fading

The results in AWGN can be used to estimate the perform-
ance of time differential OFDM-transmission, where each
OFDM-symbol is differentially encoded with respect to the
previous one.

For OFDM, the detection of each sub-carrier is only
affected by flat fading and AWGN, if the duration of the cyclic
prefix is as long as the channel delay spread and if other
impairments such as synchronization errors or non-linearities
do not occur. Assuming Rayleigh fading (i. e., there are no
dominating transmission paths) with respect to the amplitude
characteristic in the frequency domain and a total bandwidth
which is large compared to the coherence bandwidth of the
channel, the BER averaged over all subcarriers can be
expressed as in Table 1, [12].

Fig. 2 shows that the performance compared to coherent
multicarrier detection (see Table 1, [12]) suffers by less than 3
dB. In [13] it is shown that differentially detected D-QPSK
may even outperform coherently detected QPSK, if a carrier
offset is considered.
Whereas differential OFDM is an attractive candidate for
very high data rates, FH combined with energy detection can

Fig. 1: Non-coherent receiver models
shown in the complex baseband: a) 2-
PPM energy detection (soft-decision), b)
DPSK differential detection. The integrator
(dashed box) can be omitted, if the receiver
can not resolve multipath arrivals.
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be seen as a � very similar � counterpart for low data rates3.
For 2-PPM, the transmitted signal can be represented by

sðtÞ � expðj2pckDftÞ; k ¼ bt=Tbc; ck 2 f0; 1; . . . ;Nhop � 1g;(3)

where s(t) is given in Eqn. (1). The term ck denotes the FH
code, Df is the frequency spacing. The main difference
compared to OFDM is that Nhop different sub-channels are
not used in parallel but subsequentially, which reduces the
data rate by the same factor Nhop. If Nhop non overlapping
channels are used, the bandwidth with respect to y 0(t) is
reduced by Nhop, too, which enables complete digital solutions
for the 2-PPM baseband receiver as in [14]. The technical
effort for the down-conversion can be kept small, since the
oscillator at the receive site can be free running.

3.3 Performance in Multipath

In Section 3.1, non-coherent detection in AWGN is discussed.
It is assumed that a filter matched to y 0 (t) is utilized, which
ensures that the whole bit energy is focused at the sampling
time. In this case, the detector performance is independent of
the concrete shape of y 0(t).

We now incorporate multipath propagation, where we
assume that a filter matched to y 0(t) is still utilized at the
receiver. Multipath propagation will lead to an energy
dispersion at the filter output, if several propagation paths
are resolvable, i. e., if the product of the (baseband) signal
bandwidth B and the excess delay of the channel is larger than
1. For example, with B = 500 MHz and an assumed excess
delay of 50 ns, about 25 individual paths are resolvable in the
time domain. To collect the energy Eb of all these multipath
arrivals without any channel knowledge, equal gain combin-

ing can be performed over the whole window of Tint ns by
means of the integrator shown in Fig. 1.

In contrast to a matched filter that combines all signal
components coherently and with an appropriate weighting,
the integrator clearly allows only non-coherent combining.
Compared to a � rather hypothetical � coherent receiver
which employs a channel matched filter this suboptimal
combining leads to a performance loss, which increases with
the product B· Tint [15, 16]. If we assume that the whole bit
energy Eb is contained within the integration interval Tint, and
if we further assume that B· Tint is an integer N � 1, the BER
for 2-PPM can now be estimated as [17]

pb ¼
1

2N exp � Eb

2N0

� � PN�1

i¼0

1
2i LN�1

i � Eb

2N0

� �

� Q
Eb=N0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Eb=N0 þ 2N
p
 !

;

(4)

where Li
N-1 is a generalized Laguerre polynomial. The right

expression corresponds to a Gaussian approximation which
can be used for large N (N � 15). For DPSK, N0 should be
replaced by N0/2. Eqn. (4) is only valid if no inter symbol
interference (ISI) occurs, which is the case if the channel
excess delay is small compared to Tb.

Fig. 3 shows the penalty with respect to the required Eb/N0,
if we switch from the hypothetical coherent channel matched
filter detection to non-coherent detection with equal gain
combining. A value of 1.2 dB at N = 1 just corresponds to the
Eb/N0-penalty in AWGN at pb = 10-3, cf. Fig. 2. The results
must be interpreted very carefully, since it is assumed that the
whole bit energy is concentrated within the interval Tint. In
reality, this is not the case and an appropriate Tint must be
found. If Tint is increased, more and more noise is integrated
which leads to the loss shown in Fig. 3, but more signal energy
may be collected as well. The influence of Tint on pb is shown in
Fig. 4 for a measured non-LOS indoor channel (office) [18].

An appropriate bandwidth B must be chosen as well. A
good small scale fading resistance just requires a certain
minimum bandwidth B, so that the propagation paths are
resolvable in the time domain. Otherwise, the multipath
arrivals interfere coherently which may lead to deep fades.
Therefore, a good single carrier system design has to choose a
value for B which guarantees a good trade-off between the
fading resistance and the combining loss. Our analysis shows
that even indoors, where we have a small excess delay and
hence a large coherence bandwidth, a bandwidth B > 200
MHz is not desirable from the required Eb/N0 point of view.

If multiple carriers are used in parallel (OFDM) or
subsequentially (FH), B can clearly be much smaller, since
the fading resistance is not only obtained by path diversity but
also by frequency diversity. This approach that enables
complete digital baseband processing as in [14] will be
outlined in the next section.

4. System Concept for Low Data Rates

The main purpose of the UKoLoS project ”Low-Complexity
UWB Communication” is the development of non-coherent
physical layer concepts for low data rates systems. The
network/multiuser aspect has not been discussed until now,
but it can be easily verified that a non-coherent receiver will
not achieve the interference resistance of a coherent one.
With increasing Tint, more and more multiuser and narrow-
band interference will be received, too.

Within UKoLoS, we favour a FH approach with complete
digital baseband processing. FH is standard conform, if a
bandwidth of at least 500 MHz is covered within 1 ms, which
can be easily achieved in practice. FH has several major

Fig. 2: BER in AWGN and Rayleigh-fading (no coding).

3 Since the channel changes with every new carrier frequency, FH-DPSK
requires a delay equal to the period of the FH code, which may be larger
than the coherence time of the channel. This depends on the application
(mobility) and on the period of the FH code.
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advantages. It provides a very good spectral control, it enables
detect and avoid, it provides a very good interference
resistance, it does not suffer from the near-far effect, and it
reduces the baseband bandwidth B. With respect to B, we
favour values between 20 and 100 MHz, which enable the
usage of low cost analog-to-digital (AD)-converters. Since
non-coherent detection is used, which is tolerant to frequency
offsets, even the technical effort for the down-conversion is
low.

Complete digital baseband processing has several advan-
tages, too. It ensures that a filter matched to the transmitted
waveform y 0(t) can be implemented in practice, which
restricts the combining loss to the multipath arrivals only.
Since the multipath resolution capability is reduced by
reducing B, even a non-coherent Rake with weighted
combining can be implemented.

Furthermore, a digital receiver can easily distinguish differ-
ent spreading signals y 0(t), which are assigned to different
users or networks. With respect to the modulation scheme,
orthogonal Walsh-modulation with hard detection is prefer-
red.

5 Conclusions

The Eb/N0 performance of non-coherently detected 2-PPM
and DPSK is very similar. It differs by 3 dB in favour of DPSK.
In AWGN, non-coherent detection exhibits a loss of about 1.2
dB compared to coherent detection. In Rayleigh-fading,
which is an appropriate model for differential OFDM and
”pure” FH-systems (baseband bandwidth on the order of the
channel coherence bandwidth or less), the difference com-
pared to coherent detection is increased to about 3 dB. Non-
coherent multipath combing introduces a loss compared to
ideal coherent detection (channel matched filter), which
increases with the delay spread of the channel as well as with
the bandwidth. Since the fading resistance depends on the
bandwidth, too, a good system design has to choose the
baseband bandwidth very carefully. Frequency hopping
systems are promising candidates for low data rate commu-
nications. They provide a mixture between path and frequen-
cy diversity, enable digital low cost solutions for the baseband
processing, and are immune to interference.
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