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Performance of UWB Receivers with Partial CSI
Using a Simple Body Area Network Channel Model
Thomas Zasowski, Member, IEEE, and Armin Wittneben, Member, IEEE
Abstract— Ultra wideband (UWB) communication is a very
promising candidate for the use in wireless body area networks
(BAN). The high UWB peak data rate allows for medium average
data rates in combination with a very low duty cycle, which is the
key for a very low power consumption. Devices in a wireless BAN
require low complexity. Hence, mainly non-coherent receivers
such as energy detector and transmitted-reference receiver are
suited. In this paper, the symbol-wise maximum-likelihood (ML)
detectors for pulse position modulation (PPM) and transmittedreference pulse amplitude modulation (TR PAM) are derived
assuming partial channel state information (CSI) at the receiver.
Additionally, also the ML detectors for a combination of PPM
and TR PAM are presented. The performance of the derived
receiver structures is evaluated using a novel BAN channel model
not distinguishing line-of-sight and non line-of-sight situations.
This simple channel model is based on 1100 channel measurements in the frequency range between 2 and 8 GHz, which were
measured in an anechoic chamber. Using the BAN channel model,
performance of the derived receiver structures is evaluated
showing that the knowledge of the average power delay profile
(APDP) at the receiver improves performance substantially.
Requiring only slightly more complexity such receivers are a
well suited alternative to non-coherent receivers for the use in a
BAN.
Index Terms— Body Area Network, Ultra Wideband, Channel
Model, Non-coherent Receiver Structures

I. I NTRODUCTION

O

NE OF THE most promising technologies for the use in
wireless body area networks is ultra wideband (UWB)
communications. Due to the relatively small delay spread and
the moderate path loss in a body area network (BAN), very
high peak data rates can be achieved with this technology.
Medium data rate systems with ultra low power consumption
can be realized using a very low duty cycle operation with high
peak data rates. Recently, an energy detection based UWB
transceiver structure for wireless sensor networks and BAN
was presented [3] with an estimated power consumption of
less than 1 mW. There, the average data rate of 500 kbps is
realized by a transmission with 1 % duty cycle and a peak
data rate of 50 Mbps.
Coherent receivers as e.g. rake receivers are much too
complex for the use in a BAN. As shown in [4] the number
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of required rake fingers is only small for very short distances
between transmitter and receiver. Moreover, coherent receivers
require a channel estimation, which needs too high complexity
for many BAN applications. Therefore, non- or semi-coherent
receiver structures are most promising for the use in a BAN.
Two modulation schemes that are often used in combination with non-coherent receiver structures are pulse position
modulation (PPM) and transmitted reference pulse amplitude
modulation (TR PAM). In PPM systems, data is transmitted by
using different pulse positions for the different bit values. In
transmitted reference (TR) systems a doublet consisting of two
pulses is transmitted. One pulse is the reference pulse, which
serves as a noisy template for correlation in the receiver, while
the second one is the data pulse. Hence, in TR PAM systems
the data is modulated in the amplitude of the data pulse. Often,
these modulation schemes are considered together with an
energy detector in a case of PPM [5] or a correlator in case
of TR PAM [6]. A combination of PPM and TR PAM was
presented in [7]. This modulation scheme, where the data is
not only contained in the amplitude of the data pulse but also
in its position, is referred to as transmitted reference pulse
interval amplitude modulation (TR PIAM) in the remainder.
A suboptimum receiver structure for TR PIAM was introduced
in [7] requiring two correlation receivers with different delays.
Although the complexity of the TR PIAM receiver is higher
compared to the one of a TR PAM correlation receiver it is
still reasonable and performance is much better. The receiver
structures with lowest complexity are the energy detector
and the TR PAM correlation receiver, which both do not
require a channel estimation. However, there may also exist
nodes in a BAN that allow for slightly higher complexity
such as a master node. Therefore, we investigate the impact
of partial channel state information (CSI) at the receiver
on the detection performance. Assuming the knowledge of
the average power delay profile (APDP) at the receiver, the
symbol-wise maximum-likelihood (ML) detectors for PPM,
TR PAM, and TR PIAM are derived. For comparison reasons
also the receiver structures for full CSI and without CSI are
presented.
The performance of the different receiver structures shall
be evaluated on basis of a simple channel model for UWB
BAN. The IEEE 802.15.4a BAN channel modeling group
specified a channel model for UWB BAN [8]. However, this
model is based on finite difference time domain (FDTD)
simulations with 2 GHz bandwidth and cannot be adapted to
larger bandwidths. There also exists a channel model for UWB
BAN in the frequency range between 3 and 6 GHz where the
transmitter has been placed on the front side of the torso and
the receiver on various positions around the torso [9]. This
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model is subdivided into 3 channel models to accommodate
the different receiver positions. Moreover, it is based on
144 measurements, only, which were done in a large empty
room to reduce the impact of the environment. Another BAN
channel model based on FDTD simulations has been presented
in [10] for the frequency range from 3 to 9 GHz. Additionally,
a second model combining the uniform geometrical theory of
diffraction and ray tracing has been derived in the same work.
For both models, only links between a central node at the hip
and six nodes with different positions at the body have been
considered. In [11], a similar setup has been regarded with
only three nodes placed on different positions of the body
and one central unit. The derivation of the channel model
parameters have been based on a frequency-dependent FDTD
simulation. There, the frequency range was chosen from 3.1
to 10.6 GHz. To account also for a non-centralized BAN
scenario, a novel channel model based on 1100 measurements
in the frequency range between 2 and 8 GHz is proposed. The
measurements were done in an anechoic chamber with 11 test
persons for 20 different links at the body. To account also
for possible temporal variations each measurement was done
5 times. The resulting number of measurements, which the
channel model is based on, is much larger compared to already
other BAN channel models. From the channel measurements
the power delay profile, path loss, and the distribution of the
multipath amplitudes are determined. The position of devices
in a non-centralized BAN is usually not known beforehand and
their position may change. Hence, the model is not subdivided
into channel models according to the nodes position but all
measurements are considered together for a single model,
which is different from other BAN channel models.
The measurements, which the UWB BAN channel model is
based on, and the channel model itself are shown in Section
II and Section III, respectively. In Section IV, the maximum
likelihood receiver structures for PPM, TR PAM, and TR
PIAM with different CSI level are presented. The performance
of these receiver structures is evaluated in Section V based
on the derived UWB BAN channel model followed by a
comparative discussion of the receiver performance in Section
VI. Finally, conclusions are given in Section VII.
II. M EASUREMENT S ETUP
The channel measurements were performed in an anechoic
chamber with several test persons. Transfer functions were
measured with a network analyzer in the frequency range
between 2 and 8 GHz. Two antennas Skycross SMT-3TO10MA [12], which were mainly chosen due to their small size
and their large bandwidth, were used for these measurements.
The antennas are suited for a frequency range from 3.1 to
10 GHz and have a dipole-like antenna pattern. To reduce the
influence of unwanted cable effects on the measurements the
antennas were mounted on glass-fiber reinforced plastic (GRP)
arms on tripods as shown in [13]. The tripods were covered
by absorbing material to reduce reflections caused by them.
With such a measurement setup only the antennas were placed
close to the test person while the cables led away from the
test person as fast as possible.
Using the above described measurement setup, transfer
functions were determined for 20 different links at the hu-

man body. The nodes were placed at positions where they
would be located in most reasonable application scenarios
are. Each measurement was repeated 5 times for 11 test
persons, resulting in 55 measurements per link, i.e., 1100
measurements altogether. The repetitions were done to account
also for short term effects such a slight unintentional motions
of the test persons. Moreover, different measurements were
done with different test persons to also average over properties
of different persons, i.e. in particular over the size of the
persons. To consider also the effects due to arm motions, three
measurements were done with the antenna placed at the wrist,
i.e., with the wrist in front of the body, besides the body, and
behind the body. Thus, the following links were chosen for the
measurements: on ear - on ear, behind ear - behind ear, behind
ear - wrist in front, behind ear - wrist backward, behind ear wrist laterally, behind ear - belt buckle, shoulder - belt buckle,
shoulder - belly, shoulder - belly, shoulder - chest, shoulder
- wrist in front, shoulder - wrist backward, shoulder - wrist
laterally, belt buckle - belly, belt buckle - hip, belt buckle back, belt buckle - knee, belt buckle - forefoot, belt buckle heel.
III. C HANNEL M ODEL
In the following a simple BAN channel model is derived.
Since the position of transmitter and receiver is usually not
known for many BAN applications, different scenarios are not
distinguished, i.e., the model is based on all measurements and
not subdivided into models for different positions of the nodes.
All transfer functions are transformed into complex channel
impulse responses by means of an inverse Fourier transform.
The energy in the channel impulse responses at the human
body decays very fast. Hence, only the first 15 ns, i.e., 240
measurement samples with a sampling rate of 16 GHz, of each
impulse response are considered for the modeling. These 15 ns
correspond to a distance of 4.5 m in free space. Due to the
size of human bodies and since measurements were done in
an anechoic chamber, it can be assumed that no reflections are
received after the considered time. The impulse responses are
aligned such that they start at the time instant, where the first
substantial increase in energy can be observed. All channel
impulse responses are normalized by the path loss for each
link.
a) Distribution of Channel Taps: From the measurements it can be easily seen that the distribution of the phases
is uniform within {0, 2π}. However, the determination of the
amplitude distributions requires more effort. To determine the
statistical distribution of the amplitudes, the Akaike information criterion (AIC) is used [14]. The AIC, which has been
used for channel modeling e.g. in [15] or [16], is based on
the Kullback-Leibler (KL) distance, which can be used to
determine the similarity of two different probability density
functions. It is possible to write the KL distance as a difference
between two statistical expectations [17] as


I(f, g) = f (x) log(f (x))dx − f (x) log(g(x|Θ))dx
=Ef [log(f (x))] − Ef [log(g(x|Θ))],

(1)

each with respect to the real distribution f , which is given. The
distribution g depends on a set of parameters Θ and should
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I(f, g) − C = − Ef [log(g(x|Θ))].

(2)

The term I(f, g) − C is regarded as a relative distance
between f and g. Thus, it is sufficient to consider only
Ef [log(g(x|Θ))] for calculation of a relative distance. Defining
the best fitting model, Ef [log(g(x|Θ))] has to be maximized
because I(f, g) ≥ 0. It is shown in [18] that for an infinite
large number of observations N

N
1 
log(g(xn |Θ)) = f (x) log(g(x|Θ))dx
lim
N →∞ N
n=1
N

= Ef [log(g(x|Θ))]

(3)

and that maximizing N1
n=1 log(g(xn |Θ)) with respect to
Θ yields the maximum likelihood estimate Θ̂, i.e.,


N
1 
Θ̂ = arg max
log(g(xn |Θ)) .
(4)
Θ
N n=1
Using (4), Akaike defined its information criterion [14] as
AIC = −

N
2 
log(g(x|Θ̂)) + 2K,
N n=1

(5)

(6)

are used [17]. AICj denotes the AIC value of the j th
distribution and AICmin denotes the minimum AIC indicating
the distribution with the best fit. The likelihood of a model gj
with given data is computed by
1

L(gj |x) ∝ e− 2 Φj .
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Fig. 1. Akaike weights for the body area network channel plotted versus
the corresponding channel tap

The likelihood values for the different models are used to
calculate the Akaike weights [19]
1

e− 2 Φj

wj = J

i=1

where K denotes the number of estimable parameters and
the AIC is regarded as an estimate for the approximation quality of different distributions. The log-likelihood
N
1
With the simn=1 log(g(x|Θ̂)) is asymptotically biased.
N
N
ple expression K as an estimator of N1
n=1 log(g(x|Θ̂))
for the asymptotic bias an approximately unbiased estimator
is achieved. A more intuitive explanation of the AIC is as
follows. I(f, g) can be decreased by using additional known
parameters for the approximation g, because g can be chosen
closer to f for a fixed parameter set. Since these additional
parameters are usually not known but have to be estimated,
further uncertainty is added to the estimation of I(f, g). Hence
at a certain point, adding still more parameters has a negative
effect. The Kullback-Leibler distance I(f, g) will increase due
to noise in the estimated parameters that are not necessary
to achieve a good
Nmodel. This effect is considered in the
AIC. While N1 n=1 log(g(x|Θ̂)) decreases, K increases
with additional number of parameters. Thus, models with a
high number of parameters are penalized. To rank different
distributions, the AIC differences
Φj = AICj − AICmin

1

Akaike weight w

approximate f . The KL distance is always larger than or equal
to zero, i.e., I(f, g) ≥ 0. The equality holds only if f (x) =
g(x|Θ). The first term Ef [log(f (x))] is not known, because
it depends on the true distribution but it can be regarded as a
constant. Hence, (1) can be written as

(7)

3

(8)

1

e− 2 Φi

J
which satisfy j=1 wj = 1. The weight wj is an estimate
of the relative likelihood that a distribution is the best fit
to the true data within a candidate set. Hence, the Akaike
weights give besides the selection of the best candidate also
information on the relative approximation quality.
For determination of the amplitude distributions of the measured channel impulse responses frequently used distribution
functions in UWB channel modeling [20] are used, i.e., Nakagami, Rice, Lognormal, Weibull, and Rayleigh distribution.
While the first 4 distributions depend on 2 parameters, i.e.,
K = 2, the Rayleigh distribution depends on 1 parameter
only.
In Fig. 1, the Akaike weights of the different distributions
are plotted. It can be observed that Rice and Nakagami
distribution have only very small weights, i.e., it is very
unlikely that the amplitudes are distributed according to these
distributions. Although the weights for the Rayleigh and the
Weibull distribution are slightly larger, they are also small
compared to the Akaike weights for the lognormal distribution.
Therefore, it is assumed that the amplitudes are lognormal
distributed according to
2

f (x) =

(ln(x)−μ)
1
−
2
2σx
√ e
,
σx 2π

(9)

since these Akaike weights are in general the highest, i.e., the
lognormal distribution is the most likely one.
To verify the assumption that the channel taps are lognormal distributed the cumulative distribution functions (cdf)
of the measurements are compared to theoretical ones. The
parameters for the theoretical curves are determined by a
maximum likelihood estimation. In Fig. 2, the cdfs are shown
for one exemplarily chosen channel tap. It can be seen that
neither the cdfs for Rayleigh, Rice, Weibull nor Nakagami
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where t denotes the time in seconds. The parameters
a1 , a2 , b1 , b2 are determined as a1 = −0.8, a2 = 12.5 · 10−9 ,
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Fig. 4. Measured and approximated path loss for the body area network
channel

b1 = −21.0, and b2 = 1.9 · 10−9 using a least square curve
fitting in the logarithmic domain. From the APDP it can be
concluded that the main energy is contained in a very short
time interval. Only about 2 ns after the maximum peak the
energy is decreased by about 40 dB.
The path loss (PL) can be calculated directly from the
measured frequency transfer functions [22]. If there are M
transfer functions available for a distance d with N frequency
points, the average path loss is given by
Pl(d) =
(d)

(11)

8

90

(10)

and for the range above 2 ns by

1.6
x 10

Fig. 3. Power delay profile over all channel measurements and approximation
of the APDP based on (10) and (11)

Path loss in [dB]

distribution fit the measured distribution well. However, the
lognormal distribution fits the measured cdf very well over the
whole range of values verifying the result of the AIC method.
This observation corresponds with the results in [16] and [21]
where also a lognormal amplitude distribution was determined
for BAN channels.
The parameters μ and σx for the lognormal distribution in
(9) are determined by a maximum likelihood estimation and
averaged over all normalized channel taps as μ = −0.60 and
σx = 0.84.
b) Power Delay Profile and Path Loss: Besides the
distribution of the channel taps also the power delay profile
and the path loss are of interest. The power delay profile
(PDP), averaged over all channel measurements, is shown
in Fig. 3. A decay over the time can be observed from
this plot. Since the PDP does not show a linear decay in
the logarithmic domain over the considered dynamic range,
a function that approximates the power delay profile has
to be defined for the model. From Fig. 3 two ranges with
different linear decays can be observed. Up to about 2 ns
the PDP is decaying relatively steep. For delays above about
2 ns the linear decay gets flatter. This flattening is caused by
effects such as reflections from the body or also from the
environment. Although the measurements were done in an
anechoic chamber, in particular, the absorbing material placed
on the tripods is only attenuating the waves by about 15 dB
and can still cause reflections which are strongly attenuated.
Due to this behavior of the PDP in logarithmic scale the
PDP shown in Fig. 3 is approximated by two exponentials for
the different ranges. The approximation for the range up to
2 ns is given by

B = b1 − b2 · t,

0.4

t in [s]

Fig. 2. Cumulative distribution functions for an exemplarily chosen channel
tap

A = a1 − a2 · t

0.2

N M
2
1    (d)

Hj (fi ) .
M N i=1 j=1

(12)

Hj (fi ) denotes the j th frequency transfer function at a
frequency fi at a distance d. The distance d is the distance
between transmitter and receiver on the surface of the body.
Assuming PL(d) ∝ dγ the path loss exponent γ can be
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evaluated at any distance d as described in [23] by

d
PL(d) = PL0 + 10 · γ · log10
+ Sσ
d0

(13)

(14)

and a path loss exponent
γ = 2.4.

(15)

The standard deviation σS of the lognormal distributed
variable Sσ is determined as
σS = 6.8 dB

40
30
20

where PL0 denotes the path loss at a distance d0 . d0 is set
to d0 = 0.1 m and Sσ is a lognormal variable with standard
deviation σS , which accounts for the path loss variations at
a fixed distance. To determine the path loss PL(d), which
includes in this case attenuation, reflection, and diffraction
effects, a least square fit computation is performed yielding
a reference path loss
PL0 = 38.9 dB

50

(16)

using a maximum likelihood estimation. In Fig. 4, the measured path losses Pl(d) are displayed as circles for the different
distances d, while the approximation PL(d) is shown as line.
It can be observed that the path loss is varying over a wide
range for similar distances d. These variations are mainly
caused by the fact that there exist several measurements with
similar distances for different links and different persons. The
determined reference path loss in (14) is close to the one
given in the IEEE 802.15.4a standard [8]. However, the shown
path losses at larger distances are higher than the ones which
we measured. This difference might have several reasons as
e.g. the considered antenna type or the fact that the results in
[21] are based on FTDT simulations. Channel investigations
based on measurements are shown in [24], where the impact
of the antenna on the path loss and the path loss exponent
is shown. Performing channel measurements in the frequency
range between 3 and 9 GHz, the authors calculate reference
path loss of 86.5dB and 70.3dB at 1m distance depending
on the antenna type and path loss exponents of 4.4 and 2.7,
respectively. These parameters are close to the ones which we
got with our measurements.
Using the above determined parameters channel impulse
responses can be generated according to the tap delay line
representation of the channel model in Fig. 5. For each tap of
the impulse response the impulse δ is delayed by τ = 62.5 ps.
In each branch the impulse is multiplied by the lognormal
magnitude νi ∼ LN {−0.60, 0.84} and the exponent ejφi
with phase φi equally distributed in {0, 2π}. According to
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Fig. 6. Exemplary absolute values of the measured and modeled complex
channel impulse responses

the delay of the channel tap, afterwards a multiplication with
the corresponding linear value βi of the power delay profile
is done calculated from (10) and (11). Finally, all taps are
summed up and multiplied with the distance dependent path
loss PL(d) given in (13) yielding the modeled channel impulse
response vector y.
Exemplarily, a measured and a modeled channel impulse
response are shown in Fig. 6. It can be seen that both impulse
responses show a similar behavior. After a strong peak at the
beginning both impulse responses exhibit a very fast decay.
IV. R ECEIVER S TRUCTURES
Due to their complexity coherent receivers are not suited
for the use in a BAN. Therefore, for this kind of applications
simple receiver concepts such as transmitted-reference receiver
or energy detector are very promising alternatives. In the
following, symbol-wise maximum-likelihood receiver structures are presented for PPM, TR PAM, and TR PIAM with
partial CSI. Due to complexity reasons only the assumption of
APDP knowledge or no CSI are reasonable. However, the ML
receivers with full CSI are given for comparison reason. It is
assumed that only one pulse is transmitted per symbol, which
is a reasonable assumption for short range communication in
wireless body area networks due to the moderate path loss.
Moreover, for the derivation it is assumed that the delay spread
is small compared to one half-frame of duration T /2, i.e, there
is no intersymbol interference (ISI).
A. Binary Pulse Position Modulation
Using binary pulse position modulation (PPM), data is
modulated in the pulse position as shown in Fig. 7. Hence,
the sampled receive signal in the considered PPM frame is
given by
r1 =

1
(1 − a1 )h + n1
2

(17)

6

Fig. 7.
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Transmit pulse constellations for PPM

Fig. 8.

for the first half frame and
1
r2 = (1 + a1 )h + n2
(18)
2
for the second half frame, depending on the transmit symbol
a1 ∈ {±1} in the present PPM frame. h denotes the CIR.
In the remainder, we assume that the taps of the CIR are
statistically independent normal random variables with zero
mean. n1 and n2 contain the additive white Gaussian noise
(AWGN), both with variance σ 2 . Since r1 and r2 are not
overlapping, the whole receive signal in the considered PPM
frame can be described by
r =[r1 , r2 ] =

1
[(1 − a1 )h1 + (1 + a1 )h2 + n]
2

(19)

with
h1 = [h, 0, . . . , 0]

h2 = [0, . . . , 0, h]

(20)

and
n = [n1 , n2 ].

(21)

Both, r1 and r2 contain N/2 elements, i.e., r contains N
elements.
The receiver with full CSI is given by
1 
rk+N/2 hk − rk hk ,
σ2
N/2

L=

k=1

(22)

Transmit pulse constellations for TR PAM

receiver with APDP knowledge. Since the channel taps are not
known, all diagonal elements of (23) are assumed to be equal.
Inserting this into (24) yields the common energy detector


N/2

L∝

2
rk+N/2
− rk2 .

(25)

k=1

B. Transmitted Reference Pulse Amplitude Modulation
Next, the optimum receiver for transmitted reference pulse
amplitude modulation (TR PAM) is derived. In TR systems, a
doublet consisting of two pulses is transmitted as it can be seen
in Fig. 8. Usually, the first pulse is a reference, which serves
as noisy correlation template at the receiver, while the second
pulse contains the data. The reference signal is assumed to be
always positive while the sign of the data pulse is determined
by the transmit symbol a1 ∈ {±1}. Hence the sampled receive
signal in the considered time frame is given by
r1 = h + n1

(26)

for the first half frame and
r2 = a1 h + n2

(27)

for the second half frame. As in the previous section, the whole
receive signal in the considered frame can be described by
r =[r1 , r2 ] = h1 + a1 h2 + n.

(28)

where the receive signal is correlated with a template and thus Both, r1 and r2 contain N/2 elements, i.e., r contains N
the channel taps are coherently combined.
elements.
The receiver for TR PAM with full CSI is given by
Assuming the knowledge of the APDP the receiver knows
the correlation matrix of h, i.e.,
N/2
⎤
⎤ ⎡
⎡
1 
2rk+N/2 hk
(29)
L= 2
0
E[h21 ] . . .
0
λh,1 . . .
σ
⎥
⎥
⎢
⎢ ..
.
.
.
.
k=1
.
..
..
..
..
Λhh = ⎣ .
⎦.
⎦ = ⎣ ..
which is just the correlation of data pulse and template. The
2
0
. . . E[hN/2 ]
0
. . . λh,N/2
reference pulse is not considered for decision and yields just
(23)
a performance degradation due to the energy required for its
As shown in [25] and [1], in this case the log-likelihood ratio transmission.
is given by
As for the binary PPM the receiver knows the correlation
matrix (23) in case of APDP knowledge. Then the logN/2 2
2
1  rk+N/2 − rk
L= 2
,
(24) likelihood ratio is given by
σ2
2σ
1
+
λh,k
N/2
k=1
1  rk rk+N/2
(30)
L= 2
i.e., this is a typical energy detector, whose output is weighted
2
σ
2 + λσk
k=1
with the APDP. Channel taps that are in average small are
considered for decision less than large ones.
as presented in [2]. This decision rule corresponds to the
A receiver knowing just the average energy of the CIR and classical TR receiver in [6] extended by a weighting with
the noise variance σ 2 can be regarded as a special case of the the noise variance and the average energy of the k th channel

ZASOWSKI and WITTNEBEN: PERFORMANCE OF LOW COMPLEXITY UWB RECEIVERS USING A SIMPLE BODY AREA NETWORK CHANNEL MODEL

7

with
h1 = [h, 0, . . . , 0],
h2 = [0, . . . , 0, h, 0, . . . , 0],
h3 = [0, . . . , 0, h]

(36)

and
n = [n1 , n2 , n3 ].

(37)

r1 , r2 , and r3 contain N/2 elements each, i.e., r contains 32 N
elements.
Fig. 9.

Transmit pulse constellations for TR PIAM

For the TR PIAM there exist four hypotheses for decision.
Hence, the maximum likelihood receiver is now described by

tap. If the noise variance σn2 is large compared to λ2k , the
multiplication of reference and data signal for the k th channel
tap does not contribute to L.
Considering again the receiver which only knows the average energy of the CIR and the noise variance σ 2 , the ML
receiver from (30) reduces to the typical TR PAM correlation
receiver, i.e.,


[â1 = î, â2 = ĵ] = arg max ln(pi,j ).
i,j

In case of full CSI, the likelihoods in (38) are given by
 rk+N/2 hk
,
σ2

(39)

 rk+N hk
,
σ2

(40)

N/2

ln (p1,1 ) ∝

k=1

N/2

L∝

(38)

rk rk+N/2 .

(31)

k=1

C. Transmitted Reference Pulse Interval Amplitude Modulation
In the previous sections ML receivers for binary PPM and
TR PAM were derived. In the following both modulation
schemes are combined to one modulation scheme, which is
referred to as transmitted reference pulse interval amplitude
modulation (TR PIAM) [7]. In contrast to the typical TR
scheme, where information is contained only in the amplitude,
the information is contained in the pulse position, too, as
shown in Fig. 9. In the following, it is assumed that the
reference pulse is always positive while the sign and the
position of the data pulse are determined by the transmit
symbol. Thus, the sampled receive signal in the first time
frame is given by
r1 = h + n1 ,
in the second time frame
1
r2 = (a1 + a2 )h + n2 ,
2
and in the third time frame
1
r3 = (a1 − a2 )h + n3 .
2

N/2

ln (p1,−1 ) ∝

(32)

k=1

ln (p−1,1 ) ∝

k=1

(41)

,

 −rk+N/2 hk
k=1

σ2

.

(42)

The expressions in (39) to (42) are the correlations of a
template with either the receive signal in the first time slot
or in the second time slot. Assuming again the knowledge
of the channel correlation matrix, the likelihoods pi,j for the
different hypotheses in (38) are given by
N/2
2
1  2rk rk+N/2 − rk+N
,
ln(p1,1 ) =
2
2σ 2
2 + λσ

(43)

N/2
2
1  2rk rk+N − rk+N/2
ln(p1,−1 ) =
,
2
2σ 2
2 + λσ

(44)

N/2
2
1  −2rk rk+N − rk+N/2
ln(p−1,1 ) =
,
2
2σ 2
2 + λσ

(45)

N/2
2
1  −2rk rk+N/2 − rk+N
ln(p−1,−1 ) =
.
2
2σ 2
2 + λσh,k
k=1

(46)

k=1

(34)

σ2

N/2

ln (p−1,−1 ) ∝

k=1

(33)

 −rk+N hk
N/2

k=1

h,k

h,k

h,k

The data symbols are a1 , a2 ∈ {±1} and h denotes the
channel impulse response. It is assumed that the taps of the
CIR are statistically independent normal random variables
with zero mean. n1 , n2 and n3 contain the AWGN, all with
variance σ 2 . The whole receive signal over the three time slots
is given by

From (43) to (46) it can be observed that the first term in
the numerator tends towards 0 for the effectively transmitted
symbols while all other terms are growing.

r =[r1 , r2 , r3 ]
1
1
=h1 + (a1 + a2 )h2 + (a1 − a2 )h3 + n
2
2

For the receiver which only knows the average energy of
the CIR and the noise variance σ 2 , the likelihoods that have

(35)
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to be inserted in (38) are given by


TR PIAMNo CSI
TR PIAMAPDP

N/2

ln(p1,1 ) ∝

2rk rk+N/2 −

2
rk+N
,

TR PIAMFull CSI

(47)
10

ln(p1,−1 ) ∝



2
2rk rk+N/2 − rk+N/2
,

(48)

k=1
N/2

ln(p−1,1 ) ∝



BER

k=1
N/2

10

2
−2rk rk+N − rk+N/2
,

(49)

2
−2rk rk+N/2 − rk+N
.

(50)

k=1
N/2

ln(p−1,−1 ) ∝



10

k=1

These likelihoods show that the resulting ML receiver for
TR PIAM is a combination of an energy detector and a transmitted reference receiver in case of no CSI. The complexity
of the derived ML receiver is mainly increased by the two
required delays. However, from realization point of view only
one delay is sufficient if the reference pulse is located in the
middle of the possible data pulse positions.
V. P ERFORMANCE E VALUATION
In the previous sections the maximum likelihood receiver
structures for binary PPM, TR PAM, and TR PIAM have
been derived assuming no channel state information or APDP
knowledge. These receiver structures are compared by means
of bit error simulations in the following. The BERs are plotted
over the signal-to-noise ratio Eb /N0 , where Eb denotes the
energy per bit and N0 /2 is the noise power spectral density. As
in [3] a medium data rate of 500 kbps and a 1 % duty cycle are
desired yielding a peak data rate of 50 Mbps. Thus, one frame
has a duration of 20 ns. The integration time has the duration
of one half frame, i.e., 10 ns. The TR PIAM requires three half
frames for transmission of two bits. For comparison reasons
the duration of a half frame and the integration time are the
same as for PPM and TR PAM. However, this choice results
in a data rate of 666 kbps for the TR PIAM scheme. The
performance evaluation presented in the following is based on
the previously presented BAN channel model.
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Fig. 12.

Bit error ratios for transmitted reference PIAM

In Fig. 10 the BER curves for binary PPM are shown
for the different receiver structures. The receiver with APDP
knowledge uses this information to integrate only over the
large taps of the CIR and blanks the small taps. Hence, the
performance improves compared to the energy detector and is
only about 2 dB worse than with full CSI.
The BER curves for the transmitted reference PAM receivers are shown in Fig. 11. The performance equality of
the transmitted reference receiver and the energy detector, i.e,
the receiver structures without CSI, is shown in [26]. However,
from the BER curves in Fig. 10 and Fig. 11 it can be seen
that this equality is also given for the receiver structures which
have full CSI or which know the APDP.
Compared to the binary PPM and the TR PAM, the derived
TR PIAM receivers have better BER performance in case of
limited CSI as it can be seen in Fig. 12. Only the coherent
receiver shows the same performance as the coherent receivers
for binary PPM and TR PAM. The TR PIAM receivers are
about 1-2 dB better than the corresponding TR PAM and PPM
receivers.
In general, the receivers with APDP knowledge are very
attractive since they yield a good compromise between per-
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formance and complexity. Their performance is substantially
better than the performance of the receivers without CSI.
However, the acquisition of the APDP knowledge is much
simpler than the full channel estimation required by the
matched filter receivers.
Although the measurements for the model were done in
an anechoic chamber, this model can be also considered for
scenarios where no obstacles are in close vicinity of the body
such as in outdoor scenarios. Of course in scenarios with
obstacles close to the body additional multipaths occur in the
CIR. However, the parts of the CIR caused by transmission
around the body remain unchanged while additional delayed
paths caused by the environment are added as it can be seen in
[13]. Position and attenuation of these additional paths depend
mainly on the environment but also on other parameters
as, e.g., antenna orientation. Considering a system with the
same data rate, i.e, the same frame duration, ISI might be
introduced by the additional multipaths. Since symbol-wise
ISI-aware receiver structures as presented in [1] and [2] are
too complex for the use in a BAN, the frame durations have
to be increased to reduce the amount of ISI and to allow
for usage of the presented receiver structures. In such a case
the additional multipaths can also be considered for decision
and the performance of the receivers with APDP knowledge
gets better. For the receivers without CSI also the effect of
collecting more noise due to longer integration windows has to
be considered. Hence, performance does not necessarily has to
get better by considering the additional multipath components.
VI. D ISCUSSION OF THE P ERFORMANCE R ESULTS
From Fig. 10 to Fig. 12 it can be seen that all three receiver
structures with full CSI knowledge show the same bit error
performance. In the case of full CSI, coherent detection is
possible and the performance of the receiver structures is
determined by the minimum distances between the different
symbols. The signal space representations and the minimum
distances for the three modulation schemes are presented in
Fig. 13. Assuming an energy per bit Eb the minimum distance
between the two possible √
symbols is given by the distance of
the data pulses dmin = 2Eb . Using transmitted reference
PAM, which is an antipodal modulation scheme, the energy
per bit Eb for decision is reduced by a factor of 2, because
the reference pulse does not contain any information.
√ Hence,
the minimum distance is also given by dmin = 2Eb . The
energy loss due to the reference pulse is compensated in
TR PIAM by the transmission of two bits per symbol. Due
to the combination of orthogonal and antipodal modulation
the signal space representation is also a combination of
the corresponding signal space representations. Assuming an
energy per bit
√ Eb the minimum distance for TR PIAM is
also dmin = 2Eb . This result verifies the same performance
of the coherent receivers for the three different modulation
schemes.
The ML estimators in the case of APDP knowledge are
given in (24), (30), and (38) for binary PPM, TR PAM, and
TR PIAM, respectively. From the equations it can be observed
that a weighting with the average channel tap amplitude is
done by these receiver structures. If the average channel tap
amplitude λk is small compared to the noise variance σ 2 , the
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Fig. 13. Signal space representations and minimum distances for the different
modulation schemes

corresponding receive signal tap is not considered for decision.
The performance for binary PPM and TR PAM is the same
since the bit energy, which is reduced by a factor of 2, has
to be considered again for TR PAM. However, the distance
between the two possible symbols is the same. For TR PIAM
the distance is larger, since the energy per bit is the same
as for binary PPM. However, the performance gain of TR
PIAM is less than 3 dB compared to the both other modulation
schemes, since noise from three instead of two time slots has
to be considered for the TR PIAM ML decision.
In [26], it has been shown that in the case of no CSI
the performance for binary PPM and TR PAM is the same.
There, it has been shown by using a Gaussian approximation
of the noise that the decision SNR for both receiver structures
is the same and hence yields the same performance. Alike
in the previous cases, the TR PIAM modulation scheme
does not exhibit the Eb penalty of the TR PAM receiver.
However, the presence of noise in three instead of two time
slots has to be considered here, too. The performance of the
three receiver structures without CSI mainly depends on the
integration time. If the integration time is longer than the part
of the channel containing the substantial part of the energy,
mainly noise is collected during this additional integration
time. However, integration time which is too short results in
omitting a substantial part of the energy that would improve
the performance. Hence, there exists an optimum integration
time (cf. [26]).
In contrast to the presented PPM receivers, the TR PAM
and TR PIAM receivers require an analog delay line, which
is difficult to realize in integrated systems. A simpler digital
delay line is not suited for a BAN due to the high sampling rate
necessary in fully digital UWB receivers. From complexity
and performance point of view, the most interesting receiver
structures for BANs are based on PPM. Not requiring a delay
line the performance is the same as for the corresponding TR
PAM receivers. In the case that a delay line can be afforded,
TR PIAM should be preferred to TR PAM because of a better
performance with similar complexity.
VII. C ONCLUSIONS
Based on 1100 measurements with several test persons a
simple channel model for UWB BAN was derived. The measurements were done in an anechoic chamber in the frequency
band between 2 and 8 GHz. Power delay profile, path loss, and
the distribution of the multipath amplitudes were determined.
Using the novel channel model, performance of PPM, TR
PAM, and TR PIAM receiver structures with different level of
CSI was evaluated. Assuming the knowledge of the average
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power delay profile, the maximum likelihood decision rules
were presented. It was shown that the performance of the
coherent receivers for the three different modulation formats
is the same. Assuming no CSI and the knowledge of the
APDP, the TR PIAM receivers outperform the corresponding
PPM and TR PAM receivers. However, in all three cases the
performance of the receivers with APDP knowledge improves
substantially compared to the receivers without CSI. This is
due to the implicit choice of the optimum integration time.
Hence, receivers with APDP knowledge are a good choice
for the use in UWB BAN since they are a good compromise
between performance and complexity.
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