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Orthogonally-Spread Block Transmissions for
Ultra-Wideband Impulse Radios
Shahrokh Farahmand, Xiliang Luo, and Georgios B. Giannakis

Abstract—Differential, transmitted reference (TR) and energy
detection (ED) based ultra-wideband impulse radios (UWBIR) can collect the rich multipath energy offered by UWB
channels with a low-complexity receiver. However, they perform
satisfactorily only when the channel induced inter-pulse interference (IPI) is negligible. This can be achieved by appending
a guard interval with duration greater than or equal to the
channel’s delay spread to each frame – an operation limiting
the maximum achievable data rate. As a remedy, this Letter
advocates block transmissions in conjunction with orthogonal
spreading sequences to remove the introduced IPI. The resultant
scheme requires no channel knowledge besides timing offset
and incurs slightly more complexity than non-block alternatives,
while it increases the data rate at no cost in error performance.
Given a fixed data rate of 25Mbps, the novel block scheme
exhibits about 1.8 dB gain relative to its non-block counterpart
in single-user simulated tests.
Index Terms—Differential modulation, impulse radio, transmitted reference, orthogonal code, ultra-wideband.

U

I. I NTRODUCTION

LTRA-WIDEBAND impulse radios (UWB-IR) offer distinct advantages over narrowband systems, including the
potential for higher data rates, simple baseband operation
and ability to directly benefit from the UWB channel’s rich
multipath diversity. Although a RAKE receiver can be employed to collect the available multipath energy, estimation
of all the tap gains and delays can be formidable as there
is a large number of echoes in a typical UWB channel
[8]. Furthermore, UWB-IR RAKE reception is very complex
due to the large number of fingers required. Sensitivity to
mistiming and channel distortions are additional challenges
RAKE faces in a UWB-IR setup [17].
To alleviate RAKE limitations, the transmitted reference
(TR) approach is advocated in [7] where an unmodulated
reference pulse is transmitted followed by a data pulse. As
both of these pulses are distorted by the same channel, the
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received reference pulse can be used as a correlation template
to demodulate the received data pulse. TR collects all the
multipath energy with much less complexity than RAKE and
is more robust to mistiming, but its performance is suboptimal
as the noisy template introduces a noise-noise cross-term at
the autocorrelator (ACR) output that clearly degrades SNR
at the decision statistic. Transmitting multiple replicas of the
same pulse and pre-/post- combining them at the receiver side
improves SNR [13] and will be applied in this paper’s design
as well. Another major limitation of TR is that reference
and data pulses should be separated at least by the channel
delay spread in order to avoid channel induced IPI which
degrades error performance. This leads to a 50% rate loss.
In addition, half of the transmitter power is wasted to send
reference pulses. A differential UWB system is introduced by
[6] to mitigate the 50% rate and power loss incurred by the
TR system. The main idea is to use each pulse both as data as
well as reference. This is achieved by differentially encoding
and decoding the data. However, IPI should still be avoided
to ensure acceptable performance which imposes a limit on
the maximum achievable bit rate.
Rate can be increased if TR pulses are spaced increasingly
closer and the resultant IPI is equalized. The ACR output
in this case is well approximated by a second-order Volterra
model, and several approaches have been proposed to equalize
it [11], [14]. However, these algorithms require knowledge of
the Volterra model parameters [11], [14], which should be
estimated via periodic re-training so that a batch or adaptive
equalizer can be implemented [14]. This in turn increases
complexity and the associated overhead. The present Letter
introduces an algorithm to increase data rate while bypassing
channel estimation (Timing synchronization is needed in all
options). Each data bit in the novel scheme is transmitted via
several successive pulses in multiple frames. Multiple pulses
allow the transceiver to maintain a certain minimum BER
requirement while satisfying the spectral mask imposed by the
federal communications commission (FCC) [17]. It also allows
for a smaller dynamic range, thus simplifying the design of the
analog frontend. In the multiuser setup, multiple pulses enable
incorporation of time hopping and direct sequence codes to
ensure multiple access and make the receiver robust against
pulse collisions. The increased data rate of the proposed
algorithm is achieved via block transmissions where multiple
symbols per block are transmitted over identical frames. Each
symbol in the block is further assigned a signature code
orthogonal to the codes of other symbols. These orthogonal
(e.g., Walsh-Hadamard) codes are employed to eliminate IPI.
Consequently, rate is increased at no cost in error performance
with a relatively minor increase in complexity. Under the
general block transmission framework which includes TR, ED,
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and differential UWB systems, the “dual pulse technique” of
[1] can be thought of as a special case of block TR system
with orthogonal codes of length two namely (+1,+1) and (+1,1). For clarity of exposition, we will consider the differential
UWB system in detail. Generalizations to TR and ED are
straightforward and included in the simulations.
II. D IFFERENTIAL UWB S YSTEM
Let d(k) ∈ {+1, −1} denote the binary pulse amplitude
modulated (PAM) data symbols to be transmitted. First, d(k)s
are differentially encoded using the standard multiplicative
recursion [6]:
a(k) = a(k − 1)d(k − 1)

∀k = 1, 2, . . .

(1)

where a(0) ∈ {+1, −1} is a fixed initial value. To guarantee a
satisfactory bit error rate (BER) while respecting FCC’s spectral mask and enable the application of TH and direct sequence
(DS) codes for multiple access, each a(i) is transmitted via
Nf pulses over Nf successive frames. The transmitted signal
waveform is
s(t) :=

f −1
∞ N
 
Ep
a(k)p(t − nTf − kTs )

(2)

k=0 n=0

where Ep is the energy per pulse, p(t) is the UWB monocycle
of duration Tp normalized to have unit energy, Tf  Tp is
the frame duration, and Ts = Nf Tf is the symbol duration.
After passing through the UWB channel and the frontend ideal
low-pass filter, the received waveform is r(t)
s(t)  h(t) +
:=
L−1
η(t), where  denotes convolution, h(t) := l=0 αl δ(t − τl )
represents the L-tap UWB channel and η(t) is the low-pass
filtered AWGN with two-sided power spectral density N0 /2.
Defining1 g(t) := p(t)  h(t + τ0 ), r(t) is written as
f −1
∞ N
 
r(t) = Ep
a(k)g(t − nTf − kTs − τ0 ) + η(t). (3)

k=0 n=0

The receiver first estimates g(t) by averaging r(t) over Nf
frames of the kth symbol. Supposing that timing (τ0 ) has been
acquired (using e.g., the algorithms in [17]), the estimate of
the kth symbol template Tk (t) := a(k)g(t) is formed as
Nf −1
1 
T̂k (t) =
r(t+τ0 +nTf +kTs ),
Nf n=0

t ∈ [0, Tf ). (4)

In order for T̂k (t) to reliably estimate a(k)g(t), IPI between
successive transmissions should be negligible. The latter is
possible if Tf ≥ Tp +Td , where Td := τL−1 −τ0 is the channel
delay spread. If Td is not known exactly, an upper bound can
be used instead. Consequently, the symbol rate will satisfy
1
,
Tg := Td + Tp .
(5)
Rs ≤
Nf T g
After recovering T̂k (t) as in (4), differential demodulation
yields


Tg
ˆ − 1) = sign
T̂k−1 (t)T̂k (t)dt .
d(k
0

1 The effects of UWB channel on p(t) can be easily incorporated in
subsequent derivations by replacing p(t) with the distorted pulse pr (t) in
(3), and all our conclusions will hold true in this case as well.
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III. B LOCK D IFFERENTIAL UWB S YSTEM
In this section, we will introduce our block transmission
scheme which improves the data rate of the differential system
in Section II. Block transmissions lead to severe IPI amongst
data symbols belonging to the same frame. We will show
that orthogonal spreading codes are capable of eliminating
the introduced IPI. As a result, spreading can increase the
rate promised by block transmissions while ensuring the same
BER performance as the original system. Orthogonal codes
of length two namely (+1,+1) and (+1,-1) have been used
in a TR system to remove IPI between successive reference
and data waveforms. In this case, the data pulse is placed
arbitrarily close to the reference one to increase the data rate.
This approach was advocated in [1] under the term “dual pulse
technique” and can be viewed as a special case of orthogonal
codes we introduce later in this section. Before beginning the
exposition, recall that Walsh-Hadamard spreading codes are
rows of the Hadamard matrix [10, page 424]

 (i−1)
1 1
H
H(i−1)
(1)
(i)
, H =
∀i ≥ 2,
H =
(i−1)
1 −1
H
−H(i−1)
where each row is orthogonal to all others. Although any
orthogonal spreading sequence can be used instead, WalshHadamard ones are chosen here since they have constant modulus which is a desirable feature at the power amplification
stage. Besides, Walsh-Hadamard codes entail ±1 entries which
allows for simple implementation of (de-)spreading operations
in practice.
Suppose that Nf = 2q , where q ≥ 0 is a non-negative
integer and select the Hadamard matrix H(q) , which yields2
2q = Nf codes of length Nf . As for the data to be transmitted,
after being differentially encoded as in (1), the symbols a(i)
are grouped into blocks of length Nf . Let symbol l inside
block k be denoted as a(kNf + l), l ∈ [0, Nf − 1]. Instead of
simply repeating a(kNf + l) over Nf frames, at the nth frame
we send a(kNf +l)Hl,n where Hl,n denotes the (l+1, n+1)th
entry of H. In other words, a Walsh-Hadamard code is used
instead of the typical repetition code. All Nf symbols in a
block are transmitted jointly on the same frames with delay
Tp relative to each other. The transmitted waveform is given
by
f −1 Nf −1
∞ N

 
s(t) = Ep
a(kNf + l)Hl,n

k=0 l=0

n=0

×p(t − lTp − nTf − kTs ).

(6)

Fig. 1 depicts transmission of a sample block with Nf = 4,
where four symbols are to be transmitted across four successive frames resulting in a rate of one symbol per frame
compared to one symbol per four frames in the original
scheme. For illustration purposes, all four symbols are set
to +1. The ith symbol in the jth frame is multiplied by
the (i, j)th element of H(2) . Observe that summing the four
frames with corresponding signs of (+1, +1, +1, +1) which is
the spreading code for symbol 1 eliminates the waveforms of
symbols 2, 3, and 4. The same holds true for the other symbols
2 From now on we drop the superscript for simplicity and use H instead
of H(q) .
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in the figure. In general, there are Nf distinct orthogonal codes
of length Nf , so we can transmit at most Nf symbols per Nf
frames leading to a data rate of one symbol per frame. After
low-pass filtering and timing acquisition at the receiver, an
estimate for Tk,l (t) := a(kNf + l)g(t) is formed as
T̂k,l (t) =

Symb 1:

Symb 3:

Symb 2:

Symb 4:

Nf −1
1 
Hl,n r(t + τ0 + lTp + nTf + kTs ) (7)
Nf n=0

where t ∈ [0, Tg ), l ∈ [0, Nf − 1], and
r(t) =

f −1 Nf −1
∞ N

 
Ep
a(kNf + l)Hl,n

k=0 l=0

Fig. 1.

×g(t − lTp − nTf − kTs − τ0 ) + η(t)

(8)

is the received waveform. While IPI and inter-frame interference (IFI) coincide in the differential system of Section
II, they are different in the block transmission format. IPI
within each frame amounts to inter-symbol interference within
a block and occurs among symbols with different l indices
and the same k index in (8). As shown in the next section,
IPI is completely removed using orthogonal codes. However,
IFI can occur among symbols with different n indices in (8)
and is avoided by choosing the frame length to be larger than
the channel delay spread; i.e., by selecting Tf ≥ Nf Tp + Td .
Consequently, the maximum achievable symbol rate is limited
to
1
.
(9)
Rs ≤
Nf T p + T d
Given the fact that Tp  Td , this rate increase is substantial when compared to (5). In fact, as Nf increases the
improvement is more pronounced. For Nf = 1 no rate
improvement is possible and the proposed scheme boils down
to the differential UWB system of [6]. Data detection is the
final step which yields
ˆ
d(kN
f + l − 1) = sign



Tg
0

T̂k,l−1 (t)T̂k,l (t)dt , l ∈ [1, Nf − 1].
(10)

For l = 0, T̂k,l−1 (t) in (10) is replaced by T̂k−1,Nf −1 (t).
Note that the present block differential scheme is capable of
transmitting at a symbol rate close to Nf times higher than the
original system in [6]. Rate can be increased further if all the
symbols in each block are transmitted simultaneously rather
than with relative Tp delays. This leads to the transmitted
waveform
s(t) =



Ep

f −1
∞ N


k=0 n=0

⎛
⎝

Nf −1


l=0

An illustration of how the novel block transmission system works.

n=0

IV. P ERFORMANCE ANALYSIS
We assume that the receiver has perfect timing knowledge
(τ0 is known at the receiver). Upon substituting r(t) from (8)
into (7), we obtain

Nf −1
f −1 Nf −1
∞ N

 
1 
T̂k,l (t) =
Hl,n
Ep
a(k1 Nf + l1 )
Nf n=0
n =0
k1 =0 l1 =0

× Hl1 ,n1 g (t+ (l − l1 )Tp +(n − n1 )Tf +(k − k1 )Ts )
+ ξk,l (t)

Nf −1
1 
ξk,l (t) :=
Hl,n η(t+τ0 +lTp +nTf +kTs ), t ∈ [0, Tg )
Nf n=0
(13)
denotes the noise contribution in T̂k,l (t), and η(t) is a low-pass
filtered AWGN with two-sided power spectral density N0 /2
and low-pass filter bandwidth equal to 1/Tp . IFI suppression
which is ensured by design, forces the signal term in the right
hand side of (12) to be zero except when both n = n1 and
k = k1 are satisfied, thus yielding

T̂k,l (t) =

Nf −1
Nf −1
 
1 
Hl,n Ep
a(kNf + l1 )Hl1 ,n
Nf n=0
l1 =0

×g (t + (l − l1 )Tp ) + ξk,l (t)
=

Nf −1
1  
Ep a(kNf + l1 )g (t + (l − l1 )Tp )
Nf
l1 =0

Nf −1

×

a(kNf + l)Hl,n ⎠ p(t − nTf − kTs ).

To eliminate IFI in (11), one should choose Tf ≥ Tg leading
to achievable rates as high as Rs ≤ 1/Tg which is higher
than (9) and Nf times greater than (5). One disadvantage of
simultaneous block transmission is the Nf -fold increase in
peak-to-peak amplitude (a.k.a. dynamic range) compared to
the delayed block transmission in (6). A waveform with large
dynamic range saturates the transmitter’s analog frontend and
leads to waveform distortion, thus necessitating pre-distortion
to reduce the peak-to-peak amplitude. For this reason, the
system in (6) with delayed block transmissions is preferred
although it can afford lower rate.

(12)

for t ∈ [0, Tg ), where

⎞

(11)

1



Hl,n Hl1 ,n + ξk,l (t)

n=0

=


Ep a(kNf + l)g(t) + ξk,l (t).

(14)

The second equality in (14) is just a reordering of the first
one while the last equality follows from the orthogonality of
the spreading code:

Nf −1

N f , l1 = l
Hl,n Hl1 ,n =
(15)
0,
l1 = l
n=0

One can observe from (14) how IPI is eliminated by the
proposed orthogonal coding scheme. Plugging (14) into (10),
the decision statistic can be written as


 Tg
ˆ
g 2 (t)dt + ζ1 + ζ2 + ζ3 ,
d(kN
f +l−1) = sign d(kNf +l−1)Ep
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where


ζ1 :=

Tg


Ep a(kNf + l)g(t)ξk,l−1 (t)dt,

Tg


Ep a(kNf + l − 1)g(t)ξk,l (t)dt,

0


ζ2 :=

0


ζ3 :=

Tg

0

ξk,l−1 (t)ξk,l (t)dt.

(16)

Even though these terms look similar to those encountered
in the timing with dirty templates (TDT) operation in [3],
[18], a subtle difference arises. Observe in (13) that the noise
terms ξk,l−1 and ξk,l that appear in ζ3 in (16) are made up
of overlapping segments of η; hence, they are correlated in
general, and ζ3 could have nonzero mean. This is not the
case in TDT-based demodulator [3], where the two terms are
formed from different segments of η and are uncorrelated.
However, the noise terms ξk,l−1 and ξk,l in (13) are formed
by spreading the same segments of η with two different
orthogonal codes. As a result, they remain uncorrelated and
this allows one to apply the TDT results directly.
To make the above argument rigorous, we note that the
data symbols d(i), from which a(i)s are derived, take ±1
values equi-probably. Hence, the transmitted symbols a(i) are
uncorrelated and zero-mean as well [c.f. (1)]. Using the zeromean property of a(i), it can be easily verified that ζ1 and ζ2
are zero-mean. Next, we prove that ζ3 is zero-mean as well.
Starting with the definition of ζ3 in (16) and ξk,l (t) in (13),
we obtain
 Tg
E [ξk,l (t)ξk,l−1 (t)] dt
E[ζ3 ] =
0


=

Tg

0

Nf −1 Nf −1
1  
Hl,n1 Hl−1,n2
Nf2 n =0 n =0

1
2

×E η(t + τ0 + lTp + n1 Tf + kTs )


× η(t + τ0 + (l − 1)Tp + n2 Tf + kTs ) dt

=

Nf −1 Nf −1
1  
Hl,n1 Hl−1,n2
Nf2 n =0 n =0
1
2
 Tg
×
Rη (Tp + (n1 − n2 )Tf )dt

(17)

0

with Sinc(x) := sin(πx)/(πx). Observing that Rη (τ ) ≈ 0 for
τ  Tp and using the fact that Tf  Tp , we deduce that
Rη (Tp + (n1 − n2 )Tf ) is nonzero only when n1 = n2 . So
(17) is further written as

1

Nf −1

1
Hl,n1 Hl−1,n1 = 0
= 2 Rη (Tp )Tg
Nf
n =0
1

where the last equality follows due to the code orthogonality
in (15).
Power calculations for ζ1 , ζ2 , ζ3 are similar to their TDT
counterparts that have been carried out in [3], [18] and the
references thereon, yielding
2  

Tg
Ep N 0
1 N0
2
2
2
E[ζ1 ] = E[ζ2 ] =
,
E[ζ3 ] =
2Nf
2 Nf
Tp
where
 Tg 2 a normalized UWB channel is assumed so
0 g (t)dt = 1. We also note that ζ1 , ζ2 , and ζ3 are
mutually uncorrelated due to the zero-mean property of a(i)s.
As a result, the received SNR is found as

2  −1

Tg
1
N0
N0
+
.
(18)
SNR =
Ep N f
2 Ep N f
Tp
Both ζ1 and ζ2 are Gaussian while ζ3 can be approximated
as Gaussian [16, Appendix I]. Hence, for binary
PAM the
√
probability of √error is given by Pe ≈ Q( SNR), where
2
∞
Q(x) := (1/ 2π) x e−t /2 dt. A similar calculation for
the differential UWB radio of Section II, leads to the same
SNR as in (18) proving that no performance is lost by block
transmissions. However, the receiver now needs more adders
and multipliers and Nf − 1 additional delay lines to shift
the received waveform by multiples of Tp which is the price
paid for the higher data rate. The following remark addresses
pertinent implementation issues.
Remark 1: The proposed block differential systems can
be implemented either in analog or in digital fashion. The
delay elements can be implemented with available analog
delay lines [2], although digital implementations are usually
preferred since they exhibit improved reliability [4]. As for the
digital implementation, if Nyquist rate sampling (2 GHz for
Tp = 1 nsec) can be afforded, the averaging and integration
operations in (7) and (10) can be performed digitally using
the sampled waveforms. As sampling at these high rates is
challenging, sub-Nyquist rate sampling can be considered
for easier implementation at the cost of error performance
degradation [5].
V. S IMULATIONS

where Rη (τ ) := E[η(t + τ )η(t)] is the auto-correlation
function of η(t) given by
  N sin( 2πτ )
0
2τ
N0
Tp
Sinc
=
Rη (τ ) =
Tp
Tp
2πτ

Nf −1
 Tg
1 
Hl,n1 Hl−1,n1
Rη (Tp )dt
E[ζ3 ] = 2
Nf n =0
0
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The LOS Channel model 1 in [8] is used in the simulations
and Td = 34 nsec is chosen to capture most of the UWB
multipath channel. The UWB monocycle pulse is selected
as the second derivative of the Gaussian pulse in [3] with
duration Tp = 1 nsec. The first simulation compares the
differential UWB system of Section II with its counterpart in
Section III for a single-user set up. We have chosen Nf = 4,
and Tf = 40 nsec for the block differential detector and
Tf = 10 nsec for the original differential system. The bitrate is 1/Tf for the block differential system and 1/Nf Tf
for the original differential system, leading to the same rate
of 25 Mbps for both schemes. This choice of parameters
effects severe IPI to both receivers, and helps illuminate the
advantages gained by using IPI eliminating codes in the block
transmission scheme. TR and ED-based receiver and their
counterparts with block transmissions are considered as well.
The data rate for all the systems is fixed at 25 Mbps. One in
each Nf symbols is used as a reference in TR, i.e., the frame

Authorized licensed use limited to: University of Minnesota. Downloaded on November 5, 2008 at 14:33 from IEEE Xplore. Restrictions apply.

3672

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 7, NO. 10, OCTOBER 2008

10

10

10

0

10

−1

10

10

10

−3

−2

BER

BER

10

−1

−2

10
10

0

10

Block Differential
Differential
Block Diff Analytic
Block TR
TR
Block ED
Block ED Analytic

−4

−5

10

−3

Multi TR 18 Mbps
Multi TR 4.5 Mbps
Block TR 18 Mbps
Block TR 4.5 Mbps
Block Diff 18 Mbps
Block Diff 4.5 Mbps

−4

−6

0

5

10
Symbol SNR: E b/N0

15

20

Fig. 2. BER comparison of single user block differential and TR with their
non-blocked versions in Section II.

length is scaled so that the same data rate as the differential
system is achieved. The ED-based receiver in [9] with an onoff keying (OOK) modulation is considered where the optimal
threshold is chosen according to the Gaussian approximation
rule of [12]. Fig. 2 plots BER versus symbol SNR (Eb /N0 )
where Eb := Nf Ep . The averaging window size is fixed to 4
frames (one symbol duration) for all schemes. It is observed
that the difference between differential and block differential
schemes becomes more pronounced as SNR increases (for
BER equal to 10−5 , the SNR gap is 1.8 dB). This is expected
as in the high SNR regime noise effects are negligible and IPI
is the major limiting factor. The BER evaluated analytically in
Section IV is also plotted. In Fig. 2, we observe a considerable
gap (about 5 dB) between block differential and block TR
systems. This is partly due to the effect of frame scaling for
TR. To attain the same rate as the block differential system,
block TR needs a frame length of Tf = 30 nsec which causes
residual IFI and deteriorates error performance. The second
reason for this sizeable gap is power scaling. Since the TR
system uses Nf = 4, about 1.25 dB of each symbol’s energy
is used to send pilots. The rest of the 5 dB gap (3.75 dB) is
attributed to the residual IFI as mentioned above. Simulated
BER for block ED is also plotted. For this data rate, the nonblock ED is not operational since severe IPI renders reliable
demodulation impossible.
The second simulation considers a multiuser setup where
random DS and TH codes are incorporated to enable multiple
access. Simulated BER for the downlink multiuser TR proposed by [15] is plotted for comparison. The multiuser TR
of [15] is chosen because it addresses the same ISI issue.
However, it removes ISI by using random codes rather than
deterministic ones. It does so by first estimating and then
subtracting the reference pulse from the received waveform,
thus removing its ISI effect from the data waveform. For
the multiuser differential system, we choose Nf = 16 and
Tf = 56 nsec. If we were to take full advantage of block
transmissions, we should transmit 16 symbols over 16 frames
to attain a bit-rate of 18 Mbps. In this case, a TH code of

0

5

10

15
Symbol SNR: E b/N0

20

25

30

Fig. 3. BER comparison of block differential and TR systems with the
multiuser TR of [15].

length 6 should be employed. However, we might be willing
to trade-off data rate for performance and transmit 4 symbols
every 16 frames while keeping Tf constant resulting in a bit
rate of 4.5 Mbps with a TH code of length 18. The same
bit rates for the multiuser TR system requires frame length
Tf = 14 nsec for 4.5 Mbps and Tf = 4 nsec for 18 Mbps.
Given these choices, the BER for the two schemes is plotted
versus symbol SNR in Fig. 3. The averaging window size is
fixed to 16 frames (one symbol duration) for both schemes.
There are 3 interferers with the same SNR as the desired
user. The block differential system clearly outperforms the
multiuser TR for the same rate and averaging window size.
This is expected as the IPI eliminating pseudo-random codes
of multiuser TR need large window sizes to effectively remove
IPI, while the deterministic codes of the block differential
detector eliminate IPI with an averaging window size of one
symbol. As for the differential detector, rate reduction from
18 to 4.5 Mbps pays off well since the gained performance
is indeed considerable. The BER curves corresponding to the
block TR system are also plotted. As expected, its performance
is inferior to the multiuser block differential system while it
is superior to the multiuser TR system in [15].
VI. C ONCLUSIONS
The IPI in differential, TR, and noncoherent (i.e., ED based)
UWB radios severely degrades bit error performance. If frame
length is restricted to be greater than the channel delay spread
to avoid IPI, the maximum achievable rate is limited. This paper introduced a block transmission format to increase the data
rate of UWB-IR systems. Block transmissions however, lead
to severe IPI which necessitated orthogonal Walsh-Hadamard
spreading codes to eliminate the introduced IPI. Analytical
derivations for a point-to-point UWB link proved that the
improved rate of block transmissions is achieved at no cost in
BER performance. Simulations for single-user and multiuser
scenarios were carried out for fixed data rates and fixed
number of transmitted pulses per symbol. It was observed
that the novel block transmission technique improved the
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BER performance of differential, TR and ED-based receivers
compared to their non-block counterparts. 3
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