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Abstract

With the one-bit time reversal ultra wideband (OTR-UWB) transceiver, the data symbols are encoded using the
reversed order of the channel phase. The major factor limiting SISO OTR capacity and performance is intersymbol
interference (ISI). As the data rate goes up, the ISI becomes more severe and it degrades system performance and
capacity. In this article, a new single input multiple output (SIMO) system is proposed for an OTR-UWB system. The
proposed transceiver structure is based on spatial focusing property of OTR. The performance of the proposed
SIMO OTR-UWB system is analyzed in terms of the signal-to-interference-plus-noise-ratio (SINR). It is shown that
using a SIMO OTR transceiver, ISI is reduced and the system capacity is increased almost linearly with the number
of received antenna. Transmitted signal power at SIMO OTR decreases therefore in low data rates, SISO
performance is better than SIMO, but in high rate scenario, SIMO OTR suppresses ISI better than SISO OTR and its
performance is better. It is possible to compensate the reduced power using a receiver with more sensitivity, but
to compensate the ISI effects, an MMSE receiver or equalizer techniques should be used, since the computational
complexity of MMSE receiver grows exponentially with channel length and equalizers reduce the efficient bit rate.
It is shown that the proposed SIMO-OTR capacity linearly increases with the number of antennas and decreases
logarithmic (almost linearly).
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1. Introduction
For applications like sensor networks, ultra-low power,
low complexity transmission schemes are of primary
importance. UWB transceivers are a promising candi-
date technology, in particular because of their promise
of providing high precision range and position informa-
tion as well. UWB also has many attractive properties,
including low interference to and from other wireless
systems, low sensitivity to fading, easier wall-and floor
penetration and high performance. However, large num-
ber of resolvable paths and low power limitations neces-
sitate a complex receiver system. The receiver is usually
implemented using a Rake with nearly 100 or more cor-
relators in order to maintain acceptable signal-to-noise
ratio (SNR) by gathering sufficient signal energy [1].
Rake receivers are further burdened with the problem of
estimating the amplitude and the delay of each

multipath component. Due to these problems, there is
an impellent need for simpler receiver structures, cap-
able of exploiting the rich UWB multipath channel
diversity at the affordable cost, reasonable power con-
sumption, and low complexity. Because of complexity
constraints in practice, time reversal UWB receivers,
one-bit time reversal, energy detector receiver and trans-
mitted reference (or autocorrelation receiver) receiver
are employed. Autocorrelation receiver and energy
detector receivers do not require a channel estimation
section. Autocorrelation receiver requires a long delay
line that is very difficult to be implemented in hardware.
Noncoherent energy detection receivers can serve these
needs without expensive channel estimation and RAKE
filters. The energy detector has a complexity advantage
in the sense that no coherent carrier recovery is needed.
But, it typically loses some 5 dB or more of SNR with
respect to optimal coherent receivers [1-4]. Using time
reversal, extremely simple noncoherent receivers can be
used which have low-cost and need low-power. Given
specific time and location, TR precoding has
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mathematically been proven to be optimum in the sense
that it maximizes the amplitude of the field at that time
and location [2]. Due to the spatial and temporal focus-
ing properties of the TR, some problems in communica-
tion systems such as intersymbol interference (ISI) and
multi-user interference can be alleviated. Even though
TR can achieve the full multipath diversity, it is some-
how difficult to implement in real-world UWB systems
[3]. The TR complexity increases along with the length
of the pre-filters and the quantization steps used in the
channel estimation process. It is practically very difficult
to deploy the pre-filter TR with a very fine quantization
steps in rate of several gig symbol per second. Several
attempts have been made to reduce the time reversal
complexity using only the phase of the channel impulse
response (CIR), the so-called one-bit time reversal, to
construct the pre-filter [5]. In other word, the transmit
filters in one-bit time reversal preserve only the sign
information of the CIR. One-bit time reversal ultra
wideband (OTR-UWB; also known as channel phase
precoding UWB) has shown promising results for
improving the system performance [5,6]. To overcome
the shortcomings of TR-based UWB systems, CPP
UWB transceiver architecture was proposed and showed
that the spatial property of time reversal remained, but
its delay spread increased [7]. Since the OTR system
demands the receiver to estimate and feedback the signs
of channel tap coefficients only (rather than the com-
plete CIR), its complexity is significantly lower than that
of time reversal. At the transmitter end, a more expen-
sive linear amplifier is needed in time reversal to pro-
vide a larger signal dynamic range as compared with
OTR [5,8]. As the data rate goes up, the ISI of OTR sys-
tem becomes more severe and it degrades system per-
formance more than background noise. We show that
using a single input multiple output (SIMO) OTR trans-
ceiver, ISI is reduced and the system capacity is
increased almost linearly with the number of received
antenna. According to authors’ knowledge, no research
work about SIMO OTR-UWB system has been reported
so far. In this article, such a system is proposed in order
to decrease ISI and improve the system capacity.
At first, a SIR metric for SISO OTR-UWB system is

defined and derived, based on UWB channel parameters.
The receiving antenna of proposed SIMO-OTR should
not be placed in spatial focusing depth of each other. It
is shown that by approving a limited level of ISI, it is
possible to increase the data rate with a low complexity
receiver. In this article, SNR and signal-to-interference-
plus-noise-ratio (SINR) of SISO OTR-UWB system are
derived analytically. Afterward, a SIMO OTR-UWB
scheme is presented to mitigate ISI effects and its per-
formance is analyzed and simulated. Then, capacity of
SIMO OTR-UWB system is calculated and shows that

SIMO-OTR capacity is almost linearly increased with
the number of antennas.
The structure of the article is as follows: the principle

of OTR UWB is introduced in Section 2. Then SISO
OTR-UWB ISI power is analyzed in Section 3. Transcei-
ver structure of SIMO OTR-UWB and simulation and
numerical results of its performance are presented in
Section 4. Capacity analysis is discussed in Section 5.
Finally, we conclude the article in Section 6.

2. OTR-UWB communication system
An OTR-UWB system uses the sign of CIR from the
transmitter to the receiver as a transmitted pre-filter.
Therefore, the received signal is

y(t) = xs(t) ⊗ sign
(
h(−t)∗

)︸ ︷︷ ︸
Transmitted Signal after OTR

⊗ h(t)︸︷︷︸
CIR

+ n(t)︸︷︷︸
Noise

(1)

where ⊗, * denote convolution and complex conju-
gate, respectively, h(t) is the CIR and xs(t) is the trans-
mitted signal before OTR.
Figure 1 shows the structure of SISO OTR transceiver.

It is shown that the received signal is focused on the
space at the intended receiver. Through spatial focusing,
an OTR-UWB system is capable of mitigating cochannel
interference effectively [5,7]. Figure 2 shows the simula-
tion results for equivalent impulse response of TR-UWB
and OTR-TR UWB system, as it is seen, the equivalent
impulse response of OTR-UWB is not symmetric. It was
observed that the effective channel becomes longer and
poses a strong peak after precoding. It has been shown
previously that one-bit time reversal in a multiple scat-
tering or reverberating medium gives a higher peak-to-
noise ratio than a classical TR because it gives more
importance to the longest scattering paths, thus artifi-
cially reinforcing multiple scattering.
It was shown that if the delay spread of the original

channel is 15.65 ns, then the delay spread of time rever-
sal and OTR is 16.43 and 28.02 ns, respectively (near
CM3 channel) [7]. Due to delay spread increasing in
OTR-UWB, its ISI power increases, thus the received
signal must be equalized. In fact, the maximum data
rate which may be sent before the time dispersion pro-
duces significant errors from ISI in the channel is
related to channel RMS delay Spread(τRMS) by Bc = 1/
(5τRMS) [4,9]. Hence, for CM3 and CM1 OTR-UWB, the
maximum data rate is about 8 and 22.4 Mbps,
respectively.
The carrierless, tap-delayed line channel model is

adopted. Thus, the CIR of UWB channel can be written as

h(t) =
L−1∑
i=0

hiδ(t − i�) =
L−1∑
i=0

piαiδ(t − i�) (2)
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where L is the total number of paths, Δ is the multi-
path resolution that is assumed to be the same as the
time domain pulse width, hi = piai, pi Î {-1, +1} is the
phase of the ith path with an equal probability, and ai is
the corresponding magnitude which is modeled as an
independent Rayleigh random variable with probability

density function fαi(x) =
x

σ 2
i

e−x2/2σ 2
i . The first moment

of ai is
√

π

2
σ 2
i =

√
π γ i

2
and its second and fourth

moments are 2σ 2
i = γ i , 8σ 4

i = 2γ 2i , respectively, where

g = e-Δ/Γ and Γ is the mean RMS delay spread, and the
average power of a0 is 1.
The transmitted signal after OTR [5]

x(t) =

[
L−1∑
i=0

piαiδ(t − i�)

]
⊗ sign(h∗(−t)) ⊗ p(t) = p(t) ⊗ heq(t) (3)

where p(t) = xs(t) is transmitted signal before OTR.
Equivalent CIR (heq(t)) could be written as

heq(t) =
2L−2∑
i=0

heqi δ(t − i�) (4)

Figure 1 One-bit time reversal for UWB communication system.

Figure 2 CIR of UWB, TR-UWB, and one-bit time reversal UWB system.
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Based on the definition of convolution, heqi is

heqi =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

i∑
j=0

hjpL−1+j−i 0 ≤ i ≤ L − 1

L−1∑
j=i−L+1

hjpL−1+j−i L ≤ i ≤ 2L − 2
(5)

If in the second term k = j-i + L-1 and replacing hi in
(5), heqi is

heqi =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

i∑
j=0

pjαjpL−1+j−i 0 ≤ i ≤ L − 1

2L−2+i∑
k=0

pk+i−L+1pkαk+i−L+1 L ≤ i ≤ 2L − 2
(6)

The received power is

S = P0E
(
heqL−1

)2
= P0E

⎛
⎝L−1∑

j=0

αjpjpL−1+j−(L−1)

⎞
⎠2

= P0E

⎛
⎝L−1∑

j=0

αjpjpj

⎞
⎠2

= P0E

⎛
⎝L−1∑

j=0

αj

⎞
⎠2

= P0

⎛
⎜⎜⎝

L−1∑
j=0

E
(
α2
j

)
+

L−1∑
j=0

L−1∑
i=0
i�=j

E
(
αiαj

)⎞⎟⎟⎠ = P0

⎛
⎜⎜⎝

L−1∑
j=0

γ j +
π

4

L−1∑
j=0

L−1∑
i=0
i�=j

γ (i+j)/2

⎞
⎟⎟⎠

= P0

⎛
⎝1 − γ L

1 − γ
+

π

4

⎡
⎣(L−1∑

i=0

γ i/2

)2

−
L−1∑
i=0

γ i

⎤
⎦
⎞
⎠ =

P0π
4

⎡
⎣ (4 − π)

(
1 − γ L

)
(1 − γ )

+

(
1 − γ L/2

1 − γ 1/2

)2
⎤
⎦

(7)

where E denotes expectation and P0 is the transmitted
signal power.
For a non-ISI scenario, SNR is

SNR =
P0π
4PN

⎡
⎣ (4 − π)

(
1 − γ L

)
(1 − γ )

+

(
1 − γ L/2

1 − γ 1/2

)2
⎤
⎦ ≈ πP0

4PN

(
1 − γ L/2

1 − γ 1/2

)2

(8)

where PN is the noise power at receiver output.

3. OTR-UWB interference analysis
Interference analysis is an important topic in reviewing
OTR-UWB features. Due to the extremely large band-
widths of UWB systems, received signals are usually cor-
rupted by interferences. ISI affects the performance of a
UWB receiver; therefore, it is necessary to examine the
properties of interference. A complete description of
interference in terms of probability density function is
difficult. However, derivation of the statistical moments
of interference is possible if the symbol interval is shorter
than the CIR length, the receiver output contains ISI.
We define an ISI metric which is the desired signal-to-

interference-power ratio. As mentioned previously, because
of nonsymmetric CIR, precursor ISI (ISIpr) and post-cursor
(ISIpo) ISI are not the same. Therefore, the SIR is

SIR =
S

ISIpr + ISIpo
(9)

Using uncorrelated scattering it can be shown that [5]

ISIpr = P0E

(
L−1∑
i=M

(
heqi
)2)

= P0E

⎛
⎝ L0∑

j=1

h2L−1−jM

⎞
⎠ = P0

L0∑
j=1

L−1−jM∑
i=0

E
(
α2
i

)
= P0

L0∑
j=1

1 − γ L+jM

1 − γ
(10)

where Ts = M Δ is the symbol interval, L0 = ⌊(L-1)/M⌋
and ⌊x⌋ are the floor function of x. And similarly post-
cursor ISI is [5]

ISIpo = P0

L0∑
j=1

1 − γ L−jM

1 − γ
(11)

As it is known, data rate (R) is proportion to 1/Ts.
Therefore, by increasing rate, L0 increases and conse-
quently ISI increases with data (symbol) rate increment.
The performance of OTR-UWB system in terms of

output SNR and SINR is analyzed. The returned phase
information is assumed to be perfect, in the following
analysis. For a SISO OTR-UWB with binary pulse
amplitude modulation signaling, SIR and SINR are

SIR ≈

P0π
4

⎡
⎣ (4 − π)

(
1 − γ L

)
(1 − γ )

+

(
1 − γ L/2

1 − γ 1/2

)2
⎤
⎦

P0
L0∑
j=1

{
1 − γ L−jM

1 − γ
+
1 − γ L+jM

1 − γ

} =

π

4

⎡
⎣ (4 − π)

(
1 − γ L

)
(1 − γ )

+

(
1 − γ L/2

1 − γ 1/2

)2
⎤
⎦

L0∑
j=1

{
1 − γ L−jM

1 − γ
+
1 − γ L+jM

1 − γ

}

=

π(1 − γ )
4

⎡
⎣ (4 − π)

(
1 − γ L

)
(1 − γ )

+

(
1 − γ L/2

1 − γ 1/2

)2
⎤
⎦

L0∑
j=1

{
2 − γ L−jM − γ L+jM

} =

π(1 − γ )
4

⎡
⎣ (4 − π)

(
1 − γ L

)
(1 − γ )

+

(
1 − γ L/2

1 − γ 1/2

)2
⎤
⎦

2L0 − γ L
L0∑
j=1

{
γ −jM + γ jM

}

=

π(1 − γ )
4

⎡
⎣ (4 − π)

(
1 − γ L

)
(1 − γ )

+

(
1 − γ L/2

1 − γ 1/2

)2
⎤
⎦

2L0 − γ L
L0∑
j=0

{
γ −jM + γ jM

} =

π(1 + γ 1/2)
(
1 − γ L/2

)2
4
(
1 − γ 1/2

) +
π(4 − π)

4

(
1 − γ L

)
2L0 −

(
1 − γ (L0+1)M

)
γ L

1 − γM
−
(
1 − γ −(L0+1)M

)
γ L

1 − γ −M

(12)

SINR =
S

PN + ISIpr + ISIpo
≈

P0π
4

⎡
⎣ (4 − π)

(
1 − γ L

)
(1 − γ )

+

(
1 − γ L/2

1 − γ 1/2

)2
⎤
⎦

PN + P0
L0∑
j=1

{
1 − γ L−jM

1 − γ
+
1 − γ L+jM

1 − γ

} (13)

By simplifying (13), we have

SINR =

πP0(1 − γ )
4

⎡
⎣ (4 − π)

(
1 − γ L

)
(1 − γ )

+

(
1 − γ L/2

1 − γ 1/2

)2
⎤
⎦

PN(1 − γ ) + P0
L0∑
j=1

{
2 − γ L−jM − γ L+jM

} ≈

πP0(1 + γ 1/2)

4
(
1 − γ 1/2

) (1 − γ L/2
)2

PN(1 − γ ) + 2P0L0 − P0γ L
L0∑
j=1

{
γ −jM + γ jM

}

=

πP0(1 + γ 1/2)

4
(
1 − γ 1/2

) (1 − γ L/2
)2

PN(1 − γ ) + 2P0L0 − P0

(
1 − γ (L0+1)M

)
γ L

1 − γM
− P0

(
1 − γ −(L0+1)M

)
γ L

1 − γ −M

(14)

4. Transceiver structure of proposed SIMO OTR-
UWB
In this section, the transceiver structure of a proposed
SIMO OTR-UWB system is described. As discussed in
previous section, OTR-UWB data rate is limited due to
ISI effect; therefore, its performance and capacity are
degraded. We would like the ISI to be as low as possible
and the system capacity to be as high as possible. The
system capacity can be increased by using a SIMO
structure. A SIMO-OTR system configuration is illu-
strated in Figure 3. Let hi(t) denotes the CIR between
antennas at the transmitter and the ith antenna at the
receiver, p(t) is pulse shaping function, and
sign(h∗

i (−t)) is the corresponding prefilter code
employed in the ith antenna branch at the transmitter.
In this method, data are transmitted by a transmitter
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comprising of a single antenna and received by multiple
antennas. The transceiver structure is based on spatial
focusing property of OTR-UWB system. One-bit TR
retains the spatial property of classic time reversal [7].
In office environment, this directivity dropping (20 dB)
can be achieved by setting the spacing between any two
adjacent antenna elements greater than 20 cm, which
corresponds to the half wavelength of the lowest fre-
quency [2]. In rectangular metal cavity environment,
directivity of time reversal drops by 20 dB when the
antenna is 5 cm away from the intended receiver [8].
Low spatial focusing gain of OTR-UWB system at dis-
tance r away from the intended receiver indicates that a
nearby receiver at that location would not be able to
detect the signal. The receiving antenna should not be
placed in spatial focusing depth of each other, therefore
the channels

(
h1(t), h2(t), ..., hNr (t)

)
are almost

uncorrelated.
Data rate and power in each branch of transmitter

decrease to R/Nr and P0/Nr, respectively, where Nr is the
number of received antenna. Therefore, the ISI power in
the proposed scheme reduces due to lower rate (greater
symbol interval) and the symbols can successfully be
decoded by simple sampling the received signal at the
appropriate instance.
The transmitted signal in proposed SIMO OTR-UWB

is

s(t) = x1(t) ⊗ sign(h∗
1 (−t)) + x2(t) ⊗ sign(h∗

2(−t)) + · · · + xNr (t) ⊗ sign(h∗
Nr
(−t))

=
Nr∑
i=1

xi(t) ⊗ sign(h∗
i (−t))

(15)

And the output of lth antenna at the receiver is
denoted by

yl(t) = hl(t) ⊗
Nr∑
i=1

xi(t) ⊗ sign(h∗
i (−t)) + n(t)

= x(t) ⊗ hl(t) ⊗ sign(h∗
1 (−t))︸ ︷︷ ︸

Signal

+ hl(t) ⊗
Nr∑

i=1,i�=l
xi(t) ⊗ sign(h∗

i (−t))

︸ ︷︷ ︸
Cochannel interference

+ n(t)︸︷︷︸
Noise

(16)

yl(t) = x(t) ⊗ hl(t) ⊗ sign(h∗
1 (−t)) + is(t) + n(t) = x(t) ⊗ heq(t) + is(t) + n(t) (17)

where is(t) denotes cochannel interference part in (16).
As it is seen the output of each branch in SIMO OTR-
UWB transceiver is similar to a SISO OTR-UWB sys-
tem, but the power and rate of each branch at transmit-
ter is decreased and an interfering term is added to each
of them. With the constant transmitted power P0, the
associated power for each transmitter branch of SIMO
OTR-UWB reduces to P0/Nr. There is usually a power
scaling factor included in the OTR code for SIMO to
make sure that the transmit power remain the same,
after OTR precoding. Without loss of generality, we
suppose that this scaling factor is equal to 1.
If the rate of each branch in transmitter is less than

coherence bandwidth (R/Nr <Bc), the ISI does not occur.
Therefore, the received SNR of proposed SIMO-OTR is

SNR =
P0π

4Nr × (PN + Is)

⎡
⎣ (4 − π)

(
1 − γ L

)
(1 − γ )

+

(
1 − γ L/2

1 − γ 1/2

)2
⎤
⎦ (18)

Comparing (18) and (14) in rate higher than coherence
bandwidth shows that the SIMO OTR performance is
better than SISO OTR if ISIpr + ISIpo ≥ (Nr-1)PN. In the
other world, in low transmitted power, the ISI power is
very less than noise power and the noise power is the
dominant term (ISIpr + ISIpo ≪ (Nr-1)PN). Consequently,
the proposed SIMO technique performs better than con-
ventional SISO at higher values of P0/N0 and data rate.
It is possible to compensate the reduced power using a

receiver with more sensitivity. But, more sensitive recei-
ver cannot compensate for the ISI effect and in presence
of ISI, equalizer or MMSE receiver should be used. The
optimal receiver is the maximum likelihood sequence
estimator (MLSE), since the computational complexity
grows exponentially with channel length. Most channels
of practical interest require too much computation for
MLSE to be feasible. Therefore, suboptimal schemes like
equalizers should be used to compensate for the ISI

Figure 3 Block diagram of proposed SIMO OTR-UWB scheme.
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effects. Traditional equalizers use training sequences to
adjust the tap weights. However, using training sequences
decrease bandwidth efficiency.
We define a quality factor (ϑ) for rates greater than

coherence bandwidth (R/Nr <Bc, R >Bc) ISI condition,
which is the ratio of SIMO SNR to SISO SINR:

ϑ =
SNRSIMO

SINRSISO
≈

P0π
4Nr × (PN + Is)

⎡
⎣ (4 − π)

(
1 − γ L

)
(1 − γ )

+

(
1 − γ L/2

1 − γ 1/2

)2
⎤
⎦

πP0(1 − γ )
4

⎡
⎣ (4 − π)

(
1 − γ L

)
(1 − γ )

+

(
1 − γ L/2

1 − γ 1/2

)2
⎤
⎦

PN(1 − γ ) + 2P0L0 − P0

(
1 − γ (L0+1)M

)
γ L

1 − γM
− P0

(
1 − γ −(L0+1)M

)
γ L

1 − γ −M

=
1/(Nr × (PN + Is))

(1 − γ )

PN(1 − γ ) + 2P0L0 − P0

(
1 − γ (L0+1)M

)
γ L

1 − γM
− P0

(
1 − γ −(L0+1)M

)
γ L

1 − γ −M

=
PN(1 − γ ) + 2P0L0 − P0

(
1 − γ (L0+1)M

)
γ L

1 − γM
− P0

(
1 − γ −(L0+1)M

)
γ L

1 − γ −M

Nr × (PN + Is) (1 − γ )

=
PN

Nr (PN + Is)
+

P0
Nr × (1 − γ ) (PN + Is)

[
2L0 −

(
1 − γ (L0+1)M

)
γ L

1 − γM
−
(
1 − γ −(L0+1)M

)
γ L

1 − γ −M

]

(19)

From (19) it is seen that for g < 1 and L, M ≫ 1, L
>M, the quality factor is

ϑ ≈ PN
Nr (PN + Is)

+
P0

Nr × (1 − γ ) (PN + Is)

[
2L0 − γ −(L0+1)M+L

γ −M − 1

]
(20)

For high P0/(PN + Is), the quality factor is

ϑ ≈
P0

[
2L0 − 1

γ −M − 1

]
Nr × (1 − γ ) (PN + Is)

(21)

As it is seen from (20) and (21), ϑ increases by incre-
ment of P0/(PN + Is) and L0. But increment of the
received antenna number decreases the quality factor
because of power reduction in each branch of SIMO
transmitter. The reduced power can be compensated
using a receiver with more sensitivity.
For distance larger than 3 m, Is is negligible (Appendix

A), if g < 1 and L ≫ 1, the SNR, SINR and ϑ of SIMO-
OTR is

SNR =
πP0

4NrPN

[
(4 − π)
(1 − γ )

+
1(

1 − γ 1/2
)2
]

(22)

ϑ ≈ 1
Nr

+
P0
(
2L0 − 1

/(
γ −M − 1

))
Nr × (1 − γ )PN

(23)

If the received antennas do not placed in focusing
depth, the interfering term in (13) is considerable. Simi-
lar to previous section, the power of this interfering part
with consideration of directivity factor (df) is

Is =
P0
Nr

⎧⎪⎪⎨
⎪⎪⎩E

⎛
⎜⎜⎝

Nr∑
i=1
i�=l

hl(t, ri) ⊗ sign(h∗
i (−t, r1))

⎞
⎟⎟⎠

2⎫⎪⎪⎬
⎪⎪⎭

t=(L−1)�

<
P0
Nr

df

⎧⎪⎪⎨
⎪⎪⎩E

⎛
⎜⎜⎝

Nr∑
i=1
i�=l

hl(t, rl) ⊗ sign(h∗
i (−t, r1))

⎞
⎟⎟⎠

2⎫⎪⎪⎬
⎪⎪⎭

t=(L−1)�

<
(Nr − 1) df

Nr
P0E

⎛
⎝L−1∑

j=0

αjpjpj

⎞
⎠2

< (Nr − 1) Sdf =
πP0 (Nr − 1) df

4

⎡
⎣ (4 − π)

(
1 − γ L

)
(1 − γ )

+

(
1 − γ L/2

1 − γ 1/2

)2
⎤
⎦

(24)

where hi(t, ri) is the CIR between transmitter and
receiver located in r1.
It is possible to accept a limited level of ISI, data rate

of each branch greater than coherence bandwidth, and
design the system with lower complexity (smaller Nr). In
this case, the received SINR of the proposed SIMO-
OTR scheme is

SINR =

πP0(1 − γ )
4Nr

⎡
⎣ (4 − π)

(
1 − γ L

)
(1 − γ )

+

(
1 − γ L/2

1 − γ 1/2

)2
⎤
⎦

(PN + Is) (1 − γ ) +
(
P0
/
Nr
) L0I∑
j=1

{
2 − γ L−jM − γ L+jM

} =

πP0(1 − γ )
4

⎡
⎣ (4 − π)

(
1 − γ L

)
(1 − γ )

+

(
1 − γ L/2

1 − γ 1/2

)2
⎤
⎦

(PN + Is) (1 − γ )Nr + P0
L0I∑
j=1

{
2 − γ L−jM − γ L+jM

}

≈

πP0(1 + γ 1/2)

4
(
1 − γ 1/2

) (1 − γ L/2
)2

(PN + Is) (1 − γ )Nr + 2P0L0I − P0
(
1 − γ (L0I+1)M

)
γ L

1 − γM
− P0

(
1 − γ −(L0I+1)M

)
γ L

1 − γ −M

(25)

where L0I is the same as L0 in limited ISI scenario.
In this case, it is possible to use of optimal one-bit

time reversal UWB. In optimal OTR scheme, optimum
number of taps is used to design the prefilter to obtain
the best system performance. It is shown that in the
temporal domain the performance of the one-bit TR
system does not necessary improve when the number of
prefilter coefficients increases [7,9]. Since the prefilter
length selection criteria is based on the output SIR max-
imization, which is a highly nonlinear function of code
rate (or symbol interval). It was observed that the opti-
mal code length is the same as the symbol interval in
the low rate scenario. However, in the high rate sce-
nario, the optimal code length is just equal to multiple
symbol intervals [6]. Therefore, due to lower rate of
each branch in proposed SIMO-OTR scheme, its
required prefilter length is smaller than SISO-OTR
scheme. This means simple prefilter and smaller rat in
feedback link for tap coefficients.

4.1. Analytical and simulation results
In this section, performance of SISO and proposed
SIMO OTR-UWB systems are evaluated. The most
widely adopted UWB multipath channel model has been
proposed by the IEEE 802.15.3a Task Group [10].
Therefore, the CIR is simulated (generated) according to
IEEE 802.15.3a channel model. This channel model is
designed for SISO scenario; the extension to a SIMO
scheme is achieved by assuming that the SIMO channel
parameters are independent and identically distributed
from the same statistical model. CM3 channel model is
used in all simulation.
The performance of SISO OTR-UWB communication

system in CM3 channel is shown in Figure 4, indicating
a satisfying agreement between analytical and simulation
results. Figure 5 shows the performance of SIMO OTR-
UWB communication system in bit rate of 50 Mbps. As
it is seen in SISO OTR the maximum received SINR is
about 15 dB and for high P0/N0 quality factor is very
high. By increasing P0/N0 in Equation 17, P0/N0 ≫ 1 or
P0/N0 ® ∞, it could be seen that the SINR is not
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increased and limited to SIR. Therefore, the perfor-
mance is not improved by increasing P0/N0 and so the
system capacity is limited. But, for proposed SIMO, the
performance depends on P0/(N0Nr) and more increasing
P0/N0 results in more performance improvement. Figure
6 shows the bit error rate (BER) of SIMO and SISO
OTR-UWB system in a CM3 UWB channel at data rate
of 50 and 25 Mbps. As it is seen for a certain P0/N0,
SIMO OTR performance is better than SISO OTR. As it
is observed in BER of 10-4, SIMO-OTR with Nr = 3 rate
and of 25 Mbps is 2 dB better than SISO; also the per-
formance of SIMO-OTR with Nr = 6 and rate of 50
Mbps is 1.8 dB better than SISO-OTR. Figure 7 shows
that in higher SNR, the SIMO-OTR performance is bet-
ter than SISO-OTR and in BER of 10-4, SIMO-OTR

with Nr = 2 and rate of 50 Mbps is 0.8 dB better than
SISO-OTR with two transmitted antennas. Performance
comparison of SIMO-OTR in BER of BER of 10-4 shows
that the performance of SIMO-OTR with six received
antennas is only 1 dB better than SIMO-OTR with two
received antennas.

5. Capacity analysis
The channel capacity is an important parameter that
can be used for determining tradeoff of wireless com-
munication systems. The increase in data rate is not
only required for long range communication, but also
for short range communication. For single antenna sys-
tems, it is well known that given a fixed bandwidth,
capacity can only be increased logarithmically with the
SNR. UWB capacity is calculated for different spectrum-

Figure 5 Performance of SISO&SIMO OTR-UWB communication
system in CM3 Channel with R = 50 Mbps, Nr = 6.

Figure 4 Performance of SISO OTR-UWB communication
system in CM3 channel with R = 12 Mbps.

Figure 6 Simulated BER of SIMO and SISO OTR-UWB system in
CM3 channel with R = 50 Mbps.

Figure 7 Simulated BER of SIMO and SISO OTR-UWB system in
CM3 channel with Nr = 2, R = 50 Mbps.
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shaping schemes in [11]. It is shown that the capacity of
SISO UWB scheme is

C =

f1∫
f0

log2

(
1 +

P0
∣∣H(f )

∣∣2
N0

)
df (26)

where f0, f1 are the starting and the end frequencies,
respectively, H(f) is the OTR equivalent channel transfer
function, P0 is the signal power at transmitter output
and N0 is the power spectral density (PSD) of noise.
And, the spectrum efficiency is

C
BW

=
1

f1 − f0

f1∫
f0

log2

(
1 +

P0
∣∣H(f )

∣∣2
N0

)
df (27)

where BW is bandwidth.
By considering a limited level of ISI, the capacity of

SISO OTR-UWB scheme is

C =

f1∫
f0

log2

(
1 +

P0
∣∣H(f )

∣∣2
N0 + I

)
df (28)

The SIMO-OTR splits the input serial data into Nr

parallel data streams that are transmitted simultaneously
by prefiltering the transmitted signal and packing the
multiple signals in the same time slot. Thus, the rate of
the proposed SIMO-OTR is ameliorated by factor Nr

due to the Nr-parallel transmitted data in the channel. If
the received antenna is not located in focusing depth,
cochannel interference occurred, therefore the capacity
of SIMO TR-UWB scheme is reduced to

C ≈ Nr

f1∫
f0

log2

(
1 + k

P0
∣∣Heq−s(f )

∣∣2
Nr × N0

)
df (29)

where Heq-s(f) is the equivalent SISO OTR transfer
function and k is the variable which takes into account
the peak power loss due to cochannel interference.a

For comparison, the capacities of MISO and MIMO
systems are [12]

C ≈

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

f1∫
f0

log2

(
1 +

Nr × P0
∣∣Heq−s(f )

∣∣2
N0

)
df forMISO

Nr

f1∫
f0

log2

(
1 +

P0
∣∣Heq−s(f )

∣∣2
N0

)
df forMIMO

(30)

where Heq−s(f ) ≈ H1(f ) ≈ H2(f ) · · · ≈ HNr (f ) is the
channel transfer function of equivalent SISO-OTR of
SIMO scheme.

By considering a limited level of ISI, the capacity of
SIMO OTR-UWB scheme is

C ≈ Nr

f1∫
f0

log2

(
1 + k

P0
∣∣Heq−s(f )

∣∣2
Nr × (N0 + I)

)
df (31)

As it is seen from (30) and (31), the proposed SIMO
OTR capacity is better than classical SISO, standard
SIMO, and MISO scenarios. Furthermore, its capacity is
less than MIMO, but its decreasing is logarithmic. In
other words, although the SIMO and MISO channels
can only offer a logarithmic increase in capacity with
the number of antennas [13], the proposed SIMO-OTR
capacity is linearly increased with the number of anten-
nas and decreased logarithmic (approximately linear);
therefore, the main advantage of proposed SIMO struc-
ture is capacity increment.
Figure 8 shows the relative capacity of SIMO TR-

UWB to the rate of SISO TR-UWB system. It shows
that the data rate increases significantly with Nr for a
constant SNR especially for high SNR. For instance, for
a SNR of 30 dB, the data rate increases by a factor of
3.2 for Nr = 4 and 5.6 for Nr = 8.

6. Conclusion
To reduce the time reversal UWB complexity, a one-bit
time reversal UWB scheme is used in which the transmit
prefilters preserve only the sign information of the CIR.
As the data rate increases, the ISI of OTR system becomes
more severe and it degrades system performance and
capacity. A SIMO structure is proposed to reduce ISI in
higher data rates. In this article, we first derived SINR for

Figure 8 Relative capacity of SIMO TR-UWB to the rate of SISO
TR-UWB system.
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a one-bit time reversal UWB system based on UWB chan-
nel parameters. It was shown that in low data rate, SISO
OTR performance is better than SIMO because of lower
ISI and higher received SNR. In higher rates, SIMO OTR-
UWB is better than SISO OTR-UWB because its ISI is
much less than SISO OTR. It was seen that in data rate of
6Rc and P0/N0 of 30 dB performance of SIMO OTR with
Nr = 6 is 4 dB better than SISO TR, where Nr is the num-
ber of received antenna. This improvement enhanced in
higher rates with increasing the receiving antennas. The
main advantage of SIMO OTR compared with SISO and
MISO is its higher capacity. It was shown that SIMO capa-
city is Nr times more than SISO OTR.

Appendix A: Cochannel interference
The FCC requires that the maximum PSD of UWB sys-
tem be -41.3 dBm/MHz. We considered the impulse
radio signal which fully covers the FCC band [14], i.e.,
3.1-10.6 GHz. The center frequency was set to be f0 =
6.85 GHz. Path loss is

Path loss =
(

λ

4πd

)n

=
(

c
4π f0d

)n

(A1)

where n depends on the propagation environment. It
was shown that 1.4 <n < 4.1 for a regular indoor envir-
onment except for the hard-NLOS situation [15]. In
office environment, n = 1.92; with obstructions (NLOS),
n = 3.633 [16].
Office environment path loss in d = 1 m from trans-

mitter and LOS propagation is -49.15 dB. If the directiv-
ity (dr) drops by 20 dB at unintended receiver and
minimum antenna number of 2 (Nr = 2) then the maxi-
mum PSD at unintended received antenna, Pr, is

Pr < −41.3−Path loss−10 log(Nr/(Nr−1))−dr = −41.3−49.15−3−20 = −113.45 dBm/MHz (A2)

The PSD of the AWGN noise is -114 dBm/MHz, as it
is seen in d = 1 m, PSD of cochannel interference in
LOS environment is almost the same as AWGN PSD.
However, by increasing d, M, and f0, PSD of cochannel
interference is much less than PSD of AWGN, for
example in d = 6 m, M = 2, and f0 = 6.85 GHz, Pr is
-129 dBm/MHz. Therefore, the cochannel interference
in far field of transmitter is negligible.

Endnote
aSimilar to Appendix A, it can be shown that at fre-
quency of 6.85 GHz and Nr = 2, k is equal to 0.5, 0.8,
0.98 in d = 1, 2, and 6 m, respectively. Therefore, it
could be concluded that in great distance k ≃ 1.
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