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Abstract: - A subspace-based blind adaptive linear minimum mean square error (MMSE) detector has been 
proposed for multi-user detection in a direct sequence code-division multiple-access (CDMA) system even 
when multi-path channels are unknown. In this paper, the applicability of the subspace-based blind adaptive 
algorithm in multiple access ultra-wideband (UWB) systems is investigated. The problem of blind demodulation 
of multi-user information symbols in a high-rate UWB network in the presence of both multiple access 
interference (MAI) and inter-symbol interference (ISI) is also considered. Moreover, the Rake receiver is 
adopted to collect multi-path gains. The performance of the subspace-based blind techniques is shown under 
time-variant UWB multi-path channels. 
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1   Introduction 
  Recently, time-hopping ultra wide-band 
(TH-UWB) communication systems have been 
widely studied and developed due to their appealing 
features [1]. UWB systems are promising wireless 
communication systems which offer high bit rate 
transmission, and can be used for a wide set of 
applications [2-7], from wireless local area networks 
(LANs) to ad hoc networks, from IP 
mobile-computing to multimedia-centric 
applications. UWB technology brings the 
convenience and mobility of wireless 
communications to high-speed interconnections in 
devices throughout the digital home and office. 

In the design and analysis of low-rate systems, 
the presence of inter-symbol interference (ISI) due to 
the multi-path nature of wireless channels is often 
neglected [8]. However, for high-rate UWB systems, 
ISI is not negligible and, in fact, together with 
multiple-access interference (MAI) which is inherent 
in non-orthogonal UWB systems. As with high speed 
direct sequence-code division multiple access 
(DS-CDMA) systems, these two major impediments 
(ISI and MAI) cause a receiver to be incapable of 
completely removing the presence of undesired 
signals, which eventually results in large 
performance degradation.  

Over the past decade, a significant amount of 
research has addressed various multi-user detection 
schemes [9]. Since, in a dynamic environment, it is 
very difficult for a mobile user to obtain accurate 

information on other active users in a channel; 
several papers have focused on blind multi-user 
detection [10-15]. These blind techniques essentially 
allow a given user to use a linear multi-user detector 
with no knowledge beyond that required for 
implementing a conventional detector for that user. 
Moreover, blind channel estimation algorithms 
techniques have been proposed [16-19] to get 
channel state information. 

In this paper, we are going to extend the 
subspace-based blind linear MMSE detector in [8] to 
the TH-UWB system, and use the proposed 
projection approximation subspace-tracking (PASTd) 
algorithm [20] for the blind adaptive multi-user 
detection application. Based on several typical UWB 
channels according to the IEEE proposed UWB 
channel model [25, 26], a Rake receiver is adopted to 
mitigate multi-path distortion. The Rake receiver 
resolves the components of a received signal 
(arriving at different times) and combines them to 
provide diversity. A comparison of the performance 
between the equal gain combing (EGC) and the 
maximal ratio combining (MRC) schemes are given 
in this paper. We investigate the performance of the 
subspace-based blind multi-user detection for the 
TH-UWB communication systems in UWB 
channels. 

The rest of this paper is organized as follows. In 
Section 2, the TH-UWB system model is presented. 
In Section 3, we describe the subspace-based blind 
adaptive linear MMSE multi-user detector. In 
Section 4, simulation examples are provided in four 

WSEAS TRANSACTIONS on COMMUNICATIONS Chia-Hsin Cheng, Wen-Jun Lin, Kai-Jie Chen

ISSN: 1109-2742 796 Issue 8, Volume 7, August 2008



types of the IEEE proposed channel mode. Finally, 
the conclusions appear in Section 5. 
 
 
2 System Model  

In the TH-UWB system, the transmitted signal 
( ) ( )k
txs t  for user k  using a binary phase-shift keyed 

(BPSK) modulation can be defined as [3, 4]  
1

( ) ( )

0

( ) ( ) ( ) ( )
fN

k k
tx k k k tx s f m c

n m

s t E b n d m w t nT mT c T
−∞

=−∞ =

= − − −∑ ∑  (1) 

where ( )txw t  represents the transmitted monocycle 
pulse waveform with unit energy, Ek is the 
transmitted energy per symbol for user k, Tf and Tc are 
the average pulse repetition period and the chip 
duration of the TH code, respectively, Nf is the 
number of pulses representing one information 
symbol of length Ts, and { 1, 1}kb ∈ + −  is the 
information symbol transmitted by user k. A 
pseudo-random time-hopping code ( ){ }k

mc , 

{ }( ) 0,  1,  ...,  1k
m cc N∈ − ,  ,k∀  provides an additional 

shift of ( )k
m cc T  seconds in order to avoid catastrophic 

collisions in multiple access channels. Tc is chosen to 
satisfy 

c f cT T N≤  to prevent interpulse interference 
(IPI). Without loss of generality, f c cT N T=  is 
assumed throughout this paper. Random polarity 
codes ( )kd m are binary random variables taking 
values { }1± with equal probability, and ( )kd m  and 

( )qd p  are independent for ( , ) ( , )k m q p≠ .Please, 
leave two blank lines between successive sections as 
here.  

With a modification of the definition proposed 
by E. Fishler and H. V. Poor [3], we define a 
sequence { }( )ks m  as follows: 

( )( ) , ( )
( )

0 , otherwise
c

k
k c c c m N

k

d m N m N m N c
s m ⎢ ⎥⎣ ⎦
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where ⋅⎢ ⎥⎣ ⎦  denotes the integer part. 
 

The transmitted signal of user k can be 
rewritten as follows: 

 

1
( )

0

( ) ( ) ( ) ( )
N

k
tx k k k tx s c
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where f cN N N≡ . Then, a TH-UWB with polarity 
randomization can be regarded as a random CDMA 
(RCDMA) system with a generalized spreading 
sequence{ [ ]}ks m , where the elements of the sequence 
take values from {−1, 0, +1}. 

A UWB channel model can be modeled as a discrete 
linear filter with an impulse response [26]. We 
consider transmission over a frequency selective 
channel. The impulse response for user k can be 
modeled as: 

,
1

( ) ( ( 1) )
kL

k k l c
l

h t h t l Tδ
=

= − −∑ �
      (4) 

where ,k lh�  and Lk are the channel coefficient of the 
lth path and the number of paths of user k, 
respectively. ( )δ ⋅  is the Dirac delta function. To 
simplify analysis, we assume Tc is the minimum path 
resolution and is equal to the pulse duration for the 
proposed UWB system. Multi-path arrivals are 
assumed to be at integral multiples of the minimum 
resolution time.  

For analysis, it is assumed throughout the rest of 
this paper that the system considered is a 
synchronous system. An asynchronous system of K 
users can then be viewed as equivalent to a 
synchronous system with 2 1K −  users [23]. The 
received signal ( )r t  can be expressed as follows: 

1

,
1 0 1

( ) ( ) ( )
kLK N

k k k l k
k n m l

r t E b n h s m
∞ −

= =−∞ = =

=∑ ∑ ∑∑ �  

 ( ( 1) ) ( )rx s c cw t nT mT l T v t× − − − − +   (5) 

where ( )v t  is a zero mean white Gaussian noise 
process with variance 2σ , and ( )rxw t  is a received 
UWB pulse with unit energy. 
 
3 Subspace-Based Detection 

In this section, we adopt a subspace approach to 
blind multi-user detection which was first proposed 
by Wang and Poor [10] and which is based on 
estimating the signal subspace spanned by the user 
signature waveforms. At the receiver, the received 
signal ( )r t  is passed through a linear filter matched 
to the received pulse ( )rxw t , and then is sampled at the 
chip rate. The jth chip of the ith symbol is represented 
as 

[ ] ( )
s c

i t iT jT
z j z t

= +
=

 
1

,
1 0 1

( ) ( ) (( ) ( ) ( 1) )
kLK N

k k k k l s c c
k n m l

E b n s m h i n T j m T l Tδ
∞ −

= =−∞ = =

= − + − − −∑ ∑ ∑ ∑ �  

[ ]s cv iT jT+ +�   (6) 
 In a realistic UWB environment, the received 
signal will suffer ISI because of a lot of multi-path 
channels. Without loss of generality, assume user 1 is 
the desired user. Fig. 1 shows the structure of the 
Rake receiver for user 1. The vector form of the 
output of the chip matched filter for the ith symbol of 
the lth finger of the Rake receiver is 
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[ ] ( 1)
[ ] [ ] [ 1] [ 1] T

l i i i N
i z l z l z N l

×
= + + −y "  (7) 

In this paper, we assume that the maximum delay 
spread is within one symbol duration. Each finger of 
the Rake receiver is assumed to be a regular delay at 
integral multiples of the minimum resolution time Tc. 
Hence, for the lth finger, (7) can be reformulated in 
the following matrix form: 

1 1 1, 1[ ] ( ) [ ]l l li E b i ISI MAI i= + + +y s h v�      (8) 
where 

1 1 1, 1 1 1 1, 1( 1) ( 1)l lISI E b i E b i− += − + +s h s h� �  
, , , 

2
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,1 ,[ ]
k

T
k k k Lh h=h � �"  

( 1L× vector) is the vector of the channel coefficient 
for the kth user, and [ ][ ] [ ] [2] [ 1] T

l i v l v v N l= + −v � � �"  
( 1N × vector) is the matched filter output noise 
vector and is a Gaussian noise vector with mean 0 
and covariance matrix σ

2IN (IN denotes the N×N 
identity matrix). 
In (8), the first term contains the ith bit of user 1; the 
second term contains the ISI from the (i-1)th and 
(i+1)th bits of user 1; the third term contains the MAI 
from other users, and the last term is the ambient 
channel noise. 
We can rewrite [ ]l iy  in a compact form as follows: 

N[ ] ( 1) ( ) ( 1) [ ]
ll l

l l l l li i i i i
− +

− += − + + + +
GG G

y S HA b S HA b S HA b v
�� �
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+⎢ ⎥⎣ ⎦

b
G G G b v

b

� � �

 
[ ]l l i= +G B v  (9) 

where 
1, , l l K l

− − −⎡ ⎤= ⎣ ⎦S s s� � �"  ( N KL× matrix) , 

1, , l l K l⎡ ⎤= ⎣ ⎦S s s� � �"  ( N KL× matrix), 

1, , l l K l
+ + +⎡ ⎤= ⎣ ⎦S s s� � �"   ( N KL× matrix), 

{ }1 Kdiag=H h h"  ( KL K× matrix), 

{ }1 Kdiag E E=A "  ( K K× matrix), 

[ ]1( ) ( ) ( ) T
Ki b i b i=b "  ( 1K × matrix), 

l l l l
− +⎡ ⎤= ⎣ ⎦G G G G� � �  ( 3N K× matrix), and 

[ ]( 1) ( ) ( 1) Ti i i= − +B b b b  ( 3 1K × matrix). 
 
3.1 Subspace Concept 

Let { } T
l l l= ΕC y y  be the autocorrelation of the 

received signal of the lth finger. We denote its 
eigendecomposition as  

2
, , , , , 

T T
l s l s l s l n l n lσ= +C U Λ U U U      (10)  

where ( ), 1=diag , ,s l Kλ λ"Λ ( K K× matrix) 
contains the largest K eigenvalues of lC  in 
descending order; 

, 1, , s l l K l= ⎡ ⎤⎣ ⎦U u u"  

( N K× matrix) contains the corresponding orthogonal 
eigenvectors in , s lΛ ; and 

, 1, , n l K l N l+= ⎡ ⎤⎣ ⎦U u u"  

( ( )N N K× − matrix) contains the (N-K) orthogonal 
eigenvectors that correspond to the eigenvalues 2σ  
of lC . 

The linear MMSE detector for detecting the 1st 
user’s data bit 1( )b i  from the output signal of the lth 
finger is given by [11] 

1
1, , , , 1, 

T
l s l s l s l l

−=w U U gΛ      (11) 
where, for the MRC-Rake case, 

1, 1 1, 1l l K l+= =g G e s h�  
and 1K+e  is a 3K-vector with all entries that are zeros 
except for the K+1th entry, and for the EGC Rake 
case, 1, 1, l l N=g s 1�  and N1  is a vector of length N with 
all elements equal to one. We can use blind channel 
estimation algorithms to get 1h . 

After the linear MMSE detector block, the outputs 
of L fingers’ signals are combined by a Rake 
combiner to form user 1 decision variable given by  

1, 1
1 1

( ) [ ]
l

L L
T

l l
l l

b i y i
= =

= =∑ ∑w y� � �       (12) 

Then, the output of the decision device of the 
desired user is 
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1 1
ˆ ( ) sgn( ( ))b i b i= �   (13) 

 
3.2 Tracking the signal subspace 

It was seen from the previous section that linear 
multi-user detectors are obtained once the signal 
subspace components are identified. The classic 
approach to subspace estimation is commonly based 
on eigenvalue decomposition (EVD) or singular 
value decomposition (SVD), which is 
computationally too expensive for adaptive 
applications. A large number of subspace tracking 
algorithms have already been introduced [20-22]. For 
the simulation examples provided in Section 4, we 
adopt the proposed projection approximation 
subspace tracking (PASTd) algorithm [20] for the 
blind adaptive multi-user detection application. The 
advantages of this algorithm include almost certain 
global convergence to the signal eigenvectors and 
eigenvalues and low computational complexity 
( ( ))O NK . 
  
4 Simulation Results 

We adopt the Rake receiver with subspace-based 
blind linear MMSE detector in UWB channels. The 
structure of the Rake receiver with equal gain 
combining (EGC) or maximal ratio combining (MRC) 
is shown in Fig. 1. Based on Intel UWB channel 
extensive measurements in an indoor environment, 
UWB systems appear with four typical channel 
characteristics in an indoor environment (e.g. 
channel model 1(CM1), CM2, CM3 and CM4). The 
model parameters were found by experiment to 
match different UWB channel characteristics [26]. 
Some parameters used in this experiment are as 
follows: )/log(10 2σkk ESNR = (k = 1, 2, …, K); the 
number of pulses representing one information 
symbol is Nf=8 ; the number of chips per frame is 
Nc=16 ; the number of users is K=6; the desired user 
is user 1, and all users have the same transmitted 
energy. The signal-to-noise ratio before spreading is 
20 dB. The performance measure is the 
post-combining signal-to-interference ratio (SIR), 
defined as 

 
2

1, 
1

1, 
1

SIR

L
T

l l
l

L
T

l l
l

E

Var

=

=

⎧ ⎫
⎨ ⎬
⎩ ⎭
⎧ ⎫
⎨ ⎬
⎩ ⎭

∑

∑

w y

w y
�

      (14) 

where the expectation is with respect to the data bits 
of interfering users, the ISI bits, and the ambient 
noise. The SIR is a particularly useful figure of merit 
for MMSE detectors since it has been shown [24] that 
the output of an MMSE detector is approximately 
Gaussian distributed. Hence, the SIR values translate 

directly and simply to bit-error probabilities. 
In the simulation, the expectation operation is 

replaced by the time averaging operation. The 
PASTd algorithm is used for updating the signal 
subspace components at every time step to produce 
the approximate SVD. For the PASTd subspace 
tracking algorithm, we found that with a random 
initialization, the convergence is fairly slow. 
Therefore, in the simulations, the initial estimates of 
the eigencomponents of the signal subspace are 
obtained by applying an SVD to the first 50 data 
vectors [10]. The forgetting factor used in the PASTd 
algorithm is 0.995. The time-averaged outputs SIR 
with EGC and MRC diversity techniques versus the 
number of iterations in four types of channel models 
are plotted in Figs. 2-5. The number of Rake’s fingers 
for each channel model is selected by the receiver, 
which can capture 95% of the total received energy. 
As expected, it can be seen that the performance of 
MRC is better than that of EGC. In Fig. 5, compared 
with the simulation results for CM1, CM2, and CM3, 
the simulation result for CM4 (extreme NLOS 
environment) indicates that the system performance 
is severely affected by multi-path interference. 
Figs. 6-10 show the subspace-based blind adaptive 
multi-user detector with MRC-Rake over a 
time-varying channel. In the simulation, the 
environment of the receiver is suddenly changed at 

2001t = . Figs. 6-10 indicate different SIRs in 
different dynamic environments, i.e., i.e., CM1 to 
CM4, CM4 to CM1, CM1 to CM1 (different channel 
coefficients), CM1 to CM2 and CM1 to CM3. In Fig. 
11, the environment of the receiver is suddenly 
changed at t = 2001, 4000, and 6001. From these 
figures, it can be seen that this subspace-based blind 
adaptive multi-user detector can adapt well to the 
time-varying channel environment. The performance, 
good or bad, mainly depends on which channel 
model the system uses.  
  
5 Conclusion 
In this paper, using the subspace-based concept, we 
proposed a subspace-based blind adaptive linear 
MMSE multi-user detector in TH-UWB systems. In 
the receiver, we adopt the Rake combiner structure to 
provide diversity gain from multi-path channels. The 
performance comparison of the MRC and EGC Rake 
receiver are presented in four types of UWB channel 
models proposed by the IEEE standards body. 
Moreover, the simulation results show the 
subspace-based blind algorithm combined with the 
Rake technique can be used effectively for reducing 
the effects of ISI and MAI. It adapts well to a 
time-varying UWB multi-path channel. 
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Fig. 1. The Rake receiver structure for subspace-based blind adaptive linear MMSE multi-user 
detector 
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Fig. 2. Performance comparison of the subspace-based blind MMSE detector with EGC-Rake 
and MRC-Rake in CM1. The data plotted is the average over 200 independent runs. 

 
 

 
Fig. 3. Performance comparison of the subspace-based blind MMSE detector with EGC-Rake 
and MRC-Rake in CM2. The data plotted is the average over 200 independent runs.  
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Fig. 4. Performance comparison of the subspace-based blind MMSE detector with EGC-Rake 
and MRC-Rake in CM3. The data plotted is the average over 200 independent runs. 

 
Fig. 5. Performance comparison of the subspace-based blind MMSE detector with EGC-Rake 
and MRC-Rake in CM4. The data plotted is the average over 200 independent runs. 
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Fig. 6. Performance of the subspace-based blind linear MMSE detector with MRC-Rake 
over a time-varying channel environment. The simulation starts ( 0t = ) in the CM1 channel; 
at 2001t = , in the CM4 channel. The data plotted is the average over 500 runs. 
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Fig. 7. Performance of the subspace-based blind linear MMSE detector with MRC-Rake 
over a time-varying channel environment. The simulation starts ( 0t = ) in the CM4 channel; 
at 2001t = , in the CM1 channel. The data plotted is the average over 500 runs. 
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Fig. 8. Performance of the subspace-based blind linear MMSE detector with MRC-Rake 
over a time-varying channel environment. The simulation starts ( 0t = ) in the CM1 channel; 
at 2001t = , in another CM1 channel (different channel coefficients). The data plotted is the 
average over 500 runs. 
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Fig. 9. Performance of the subspace-based blind linear MMSE detector with MRC-Rake 
over a time-varying channel environment. The simulation starts ( 0t = ) in the CM1 channel; 
at 2001t = , in the CM2 channel. The data plotted is the average over 500 runs. 
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Fig. 10. Performance of the subspace-based blind linear MMSE detector with MRC-Rake over 
a time-varying channel environment. The simulation starts ( 0t = ) in the CM1 channel; at 

2001t = , in the CM3 channel. The data plotted is the average over 500 runs. 
 

 

 

 
Fig. 11. Performance of the subspace-based MRC-Rake receiver over a time-varying channel. 
The simulation starts (t = 0~2000) in CM1; at t = 2001~4000 in CM4; at t = 4001~6000 in CM2; 
at t = 6001~8000 in CM3. The data plotted are the average over 500 simulations. 
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