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Abstract—A new design scheme of orthogonal pulses is 

proposed for waveform division multiple access ultra-wideband 
(WDMA-UWB) systems. In order to achieve WDMA and to 
improve user capacity, the proposed method, termed as 
interference alignment based orthogonal pulse design (IA-OPD), 
employs combined orthogonal wavelet functions in the pulse 
design. The combination coefficients are optimized by using 
interference alignment. Due to the reciprocity between 
transmitted and local template signals, the iterative process based 
on maximum signal to interference plus noise ratio (Max-SINR) 
criterion can be used to solve the optimization problem in 
interference alignment. Numerical results demonstrate that the 
optimized orthogonal pulses provide excellent performances in 
terms of multiple access interference (MAI) suppression, user 
capacity and near-far resistance without using any multiuser 
detection (MUD) techniques. Thus, the IA-OPD scheme can be 
used to efficiently design a large number of orthogonal pulses for 
multiuser WDMA-UWB systems with low computational 
complexity and simple transceiver structure. 
 

Index Terms—Combined waveforms, interference alignment, 
Max-SINR, orthogonal pulse design, WDMA-UWB. 
 

I. INTRODUCTION 

PACE formation flying has attracted considerable research 
interest owing to its vital role in different science missions, 

such as Earth observations, data collection and space missions 
[1]. Multiple small formation spacecraft can provide higher 
efficiency, flexibility and affordability compared with the 
conventional large satellite. Spacecraft flying in formation 
require efficient and reliable inter-spacecraft communications 
which can enable time synchronization and autonomous control 
of the altitude and position. Considering the limitations of 
spacecraft, such as power consumption, spacecraft size, 
computational capacities and intermittent channels, 
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impulse-radio ultra-wideband (IR-UWB) technology is suitable 
for the physical layer of inter-spacecraft communications in 
space formation flying systems [2], [3].  

Compared with time hopping ultra-wideband (TH-UWB) 
and direct sequence ultra-wideband (DS-UWB), waveform 
division multiple access ultra-wideband (WDMA-UWB) has 
been proposed recently as a promising technique with higher 
spectrum efficiency and lower complexity. Hence, 
WDMA-UWB based space formation flying offers significant 
advantages with respect to data rate, energy consumption, 
real-time interoperability and user capacity. Unlike TH-UWB 
and DS-UWB, each bit in the WDMA-UWB system is 
represented by a single pulse and multiple access (MA) is 
achieved by using orthogonal pulse waveforms for different 
users [4]-[6]. Consequently, the design of orthogonal pulse 
waveforms is the key technique to suppress multiple access 
interference (MAI) and improve user capacity for 
WDMA-UWB systems.  

Traditional pulses used in short-range UWB communication 
systems include Gaussian monocycle pulse, the higher-order 
derivations of Gaussian pulse, the Laplacian pulse, and the 
Rayleigh pulse [7]. Unfortunately, the power spectral density 
(PSD) of these monocycle pulses is not well suited for Federal 
Communications Commission (FCC) spectral mask. Various 
pulse generator architectures and shaping algorithms 
conforming to FCC mask have been proposed to achieve the 
optimal spectral utilization in [8]-[10]. However, the FCC 
spectral mask is not applicable during the design of 
WDMA-UWB pulses as the space formation flying application 
scenario does not have the limitation of PSD. The design 
scheme of UWB pulses that are mutually orthogonal is 
considered in this paper. 

Orthogonal pulses which can improve bit error rate (BER) 
performance and user capacity include the Hermite polynomial 
pulse [11], the prolate spheroidal wave function (PSWF) pulse 
[12], and the Gram-Schmidt polynomial pulse [13]. Motivated 
by both optimal FCC spectral utilization and the orthogonality 
of UWB pulses, a digital finite impulse response (FIR) filter 
approach was suggested for the pulse design [9], [14]. In [9], 
the methods for the design of FIR prefiltering structures 
synthesizing orthogonal pulses by using semi-definite 
programing (SDP) were proposed. In [14], a set of orthogonal 
pulse waveforms was designed by using second-order cone 
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programing (SOCP). Moreover, a set of orthogonal pulse 
waveforms based on orthogonal wavelets was introduced in [15] 
and [16]. However, the cross-correlation of these orthogonal 
pulses designed for TH-UWB and DS-UWB systems was poor 
in asynchronous communications. Besides, the number of 
designed orthogonal pulse waveforms was relatively small 
compared with the number of the formation spacecraft. In [17], 
the combined wavelet pulses were designed for the 
WDMA-UWB systems, where combined pulses with simple 
addition of orthogonal wavelet waveforms were assigned to 
different users to achieve WDMA. Unfortunately, the user 
capacity was limited by the simple combination of wavelet 
pulses without optimization of combination coefficients. 

In order to overcome the limitation of user capacity and 
improve BER performance, we propose an optimized 
orthogonal pulse design scheme termed as interference 
alignment based orthogonal pulse design (IA-OPD) for the 
WDMA-UWB based space formation flying systems. The main 
contributions are stated as follows. 

• We present a general expression for the combined pulse 
waveform in WDMA-UWB systems. The basic pulses 
used for combination are orthogonal wavelets. Then we 
derive the new expression of the matched filter’s output, 
which separates the combination coefficients from the 
pulses’ correlation value for the purpose of convenient 
calculation. 

• The combination coefficients considered as precoding 
process at transmitters are optimized by using interference 
alignment. The idea is to align the interference signals into 
a subspace of received signal space so that orthogonal 
subspace without any interference can be allocated for 
communications [18]-[20]. 

• We design the optimized orthogonal pulses by using an 
iterative interference alignment approach based on 
maximum signal to interference plus noise ratio 
(Max-SINR) criterion. Due to the reciprocity between the 
transmitted and local template combined pulses, the 
iterative interference alignment algorithm can be used for 
optimization of combination coefficients. 

• The proposed IA-OPD enables the orthogonality of pulse 
waveforms to improve BER performance, user capacity 
and near-far resistance without any multiuser detection 
(MUD) methods.  

• The computational complexity of IA-OPD is low enough 
to satisfy practical demands for the WDMA-UWB based 
space formation flying systems. Moreover, the transceiver 
structure of IA-OPD based WDMA-UWB system is 
simpler than that of DS-UWB system.  

The remainder of this paper is organized as follows. In 
Section II, we describe the model of the WDMA-UWB based 
space formation flying system. Section III presents the general 
expression of the combined waveform, as well as the proposed 
orthogonal pulse waveform design scheme using iterative 
interference alignment algorithm based on Max-SINR criterion. 
The simulation results and discussions are provided in Section 
IV. Finally, the conclusions are given in Section V. 

Notations: Vectors and matrices are denoted by lower and 

upper case bold-face letters, respectively. (, )  denotes the inner 
product operator. H( )  and 1( )  represent the Hermitian and 
inverse operators, respectively. | |  and   denote the absolute 
value and Euclidean norm operators, respectively. 

II. SYSTEM MODEL 

In this paper, we consider a K-user space formation flying 
system based on UWB technology, where each user employs 
binary phase shift keying (BPSK) WDMA modulation. When 
spacecraft fly in formation, autonomous operations are required 
to maintain the altitude and position relative to each other in 
their specific orbits owing to the inter-spacecraft 
communications [21]. In this application scenario, the UWB 
technology is applied to inter-spacecraft communications 
without PSD limitation. Thus, when we design UWB pulses, 
the FCC spectral mask is not considered in this paper. The 
transmitted signal of the kth user (where k=1, 2, …, K) can be 
written as 

    
1

( ) ,
M

k k k k s
i

x t a b i w t iT


   (1) 

where  ( ) 1,1kb i    is the ith BPSK modulated bit for the kth 
user, M is the number of transmitted bits, ka  is the amplitude 
value, and sT  is the repetition period of each pulse. The 
orthogonal pulse ( )kw t  applied to the kth user achieving 
WDMA is the design objective in this paper. The orthogonal 
pulses with good cross-correlation can improve the BER 
performance and user capacity. 

The statistical parameters of the inter-spacecraft channels 
depend on orbital constraints, time delay and path loss. The free 
space channel can be approximately considered as the additive 
white Gaussian noise (AWGN) channel. Dense multipath 
channel applied to indoor short-range UWB communications is 
not concerned in this case. Consequently, the transmitted 
signals arriving at the receiver through AWGN channels can be 
expressed as 

 
1

( ) ( ) ( ),
K

k k k k k
k

r t L a b w t n t


    (2) 

where kL  and k  denote the channel fading and the channel 
delay of the kth user, respectively. And ( )n t  is zero-mean 
AWGN with two sided power spectral density 0 / 2N  W/Hz. 
For simplicity, we analyze the received signal in one symbol 
period sT  and assume that k k kL a A . The receiver is 
comprised of a set of matched filters corresponding to each user. 
The output at the lth (where l=1, 2, …, K) matched filter is 
described as follows 

 

1

( ) ( )d

,

s
l lT

K

l l ll k k kl l
k
k l

y r t m t t

A b r A b r n





  




 (3) 

where ( )lm t  is the local template signal corresponding to the 
lth user which can be expressed by 
 ( ) ( ).l l lm t w t    (4) 

The first term of (3) denotes the desired information of the 
lth user, while the second term denotes the MAI and the last 
term denotes the noise. The MAI term is caused by imperfect 
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orthogonality of UWB pulses. The existence of MAI has a 
significant impact on the user capacity and BER performance. 
Moreover, correlation value 

klr  which can reflect the 
orthogonality of pulses is given by 
 ( ) ( )d .

s
kl k k l lT

r w t w t t      (5) 

Thus, the output of the set of matched filters 
T

1 2[ , ,..., ]Ky y yy  can be expressed as 
 , y RAb n  (6) 

 sgn( ),b y  (7) 

where the vector T
1 2[ , ,..., ]Kb b bb  denotes the original bits 

transmitted by each user, the vector T
1 2[ , ,..., ]Kn n nn  denotes 

the noise interference, the matrix ( )kl K Kr R  denotes the 
cross-correlation matrix, and 1 2diag( , ,..., )KA A AA  denotes 
the amplitude matrix. We denote the output of sign detectors as 
vector T

1 2[ , ,..., ]Kb b bb     which represent the final received bits. 
Fig. 1 compares the frameworks of DS-UWB and 
WDMA-UWB systems. The dashed boxes indicate the 
differences between the two systems. At the transmitter, the 
pseudo code modulation block is omitted owing to the multiple 
access scheme in WDMA-UWB system. The WDMA-UWB 
receiver does not employ pseudo-code synchronization and 
demodulation blocks as well as multiuser detector. The 
simplified transceiver of WDMA-UWB with lower energy 
consumption and lower complexity is more suitable for 
inter-spacecraft communications. 

It is obvious that the cross-correlation ( )klr k l  between 
different users causes MAI. Moreover, klr  is influenced by the 
orthogonality of pulse waveforms. Therefore, the design of the 
orthogonal pulse waveforms is the key to MAI suppression for 
multiuser WDMA-UWB systems. 

III. OPTIMIZED ORTHOGONAL PULSE DESIGN 

A. General Expression of Combined Waveforms 

A large number of methods for UWB pulse design have been 
developed based on the linear combination of basic pulses, such 
as Gaussian pulses [22], Hermite polynomial pulses and 
orthogonal wavelet pulses [15]. The design of pulses can be 
converted into the optimization of combination coefficients 
which satisfy the specific objective functions. 

In this paper, we use the linear combination of orthogonal 

wavelet to design pulses for WDMA-UWB due to the 
orthogonality and compactly supported character of orthogonal 
wavelets. The discrete wavelet is usually defined as follows. 
 / 2

, ( ) 2 (2 ),m m
m n t t n    (8) 

where m and n are dilation and translation parameters, 
respectively, and ( )t  is the mother wavelet. If the , ( )m n t  
constructed by 2( ) ( )t L R   is a set of orthogonal basis of 2( )L R , 
the wavelet ( )t  is called orthogonal wavelet which has the 
property of 
 

, ,( ( ), ( )) ( , )k j m nt t k m j n     ， (9) 

where k, j, m, n are arbitrary integers. Due to the orthogonality 
of scaling and translation, the orthogonal wavelets can be 
applied to the design of orthogonal pulses. 

As mentioned above, the pulse for the kth user ( )kw t  can be 
expressed as a linear combination of orthogonal wavelets, Then, 
the general expression of the combined waveform is given by 

 
 

1 1 2 21 , 2 , ,

,
1

( ) ( ) ... ( )

= ( ),

k k k k kN kN

ki ki

k k u v k u v kN u v

N

ki u v
i

w t t t t

t

     

 


   


(10) 

where {
1 1 2 2, , ,, ,...,

k k k k kN kNu v u v u v   } is a set of orthogonal wavelets with 
different dilation and translation parameters. { 1 2, ,...,k k kN   } 
denote the combination coefficients of each wavelets. N is the 
number of combined wavelet pulses. 

B. Coefficients Optimization Based on Interference Alignment 

According to (10), we derive a new expression of (3) with the 
general expression of the combined waveforms.  

At receiver, the local template signal of the lth user ( )lm t  
can be expressed as 

 
 

1 1 2 21 , 2 , ,

,
1

( ) ( ) ... ( )

( ),

l l l l lN lN

lj lj

l l u v l u v lN u v

N

lj u v
j

m t t t t

t

     

 


   

 
(11) 

where { 1 2, ,...,k k kN   } denote the combination coefficients 
of template signal. In order to derive the new expression of (3) 
conveniently and calculate the combination coefficients 
flexibly, we assume that the combination coefficients of local 
template waveforms are not the same as those of transmitted 
waveforms. Due to the principle of correlation receiver, the 
transmitted and local template combined pulses have the 
reciprocity property. Utilizing the reciprocity property, we can 

 
Fig. 1. Comparisons of the frameworks of DS-UWB and WDMA-UWB: (a) the framework of the DS-UWB system, (b) the framework of the WDMA-UWB 
system, the dashed boxes indicate the differences between the two systems. 
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design the orthogonal combined pulses by using iterative 
interference alignment algorithm.  

Substitute (10) and (11) into (5) and we can get 

 
,

1 1

( ) ( )d

,

s
kl k k l lT

N N
i j

ki lj kl
i j

r w t m t t

r

 

 
 

  





 
 (12) 

where ,i j
klr  is given as 

 ,
, ,( ) ( )d ,

k i ki lj lj
s

i j
k l u v k u v lT

r t t t       (13) 

where , {1, 2,..., }i j N , and ,i j
klr  represents cross-correlation 

between the ith combined wavelet of the kth user and the jth 
combined wavelet of the lth user. Note that if 

ki lju u  or 

ki ljv v  and k l  , the cross-correlation , 0i j
klr  , which 

means the two combined pulse waveforms are completely 
orthogonal and MAI can be thoroughly suppressed through 
correlation receivers. However, in the asynchronous system, we 
cannot ensure 

k l  . The random channel delay leads to 
imperfect orthogonality of combined waveforms. Thus, the 
combination coefficients should be optimized to minimize klr . 

Then, the matrix form of klr  can be expressed as 
 H .kl l kl kr  R   (14) 

We define klR , l  and k  as follows 
 ,( ) ,i j N N

kl klr R  (15) 

  T

1 2 ... ,l l l lN    (16) 

  T

1 2 ... .k k k kN    (17) 

The amplitude parameter kA  in (3) has no effect on the 
optimization of combination coefficients. For the sake of 
simplicity, we assume 1kA  . Hence, we can rewrite (3) as 

 H

1

.
K

l l kl k k l
k

y b n


  R   (18) 

Obviously, (18) is similar to the expressions of received 
signals for the K-user MIMO system based on interference 
alignment technique [23]. Consequently, IA is an effective 
technique to suppress interference, which is considered as a 

method for designing orthogonal pulses in this paper. More 
specifically, the matrix k  in (18) can be regarded as precoding 
at transmitters in IA-based MIMO interference network. The 
correlation matrix klR  reflects the mutual interference among 
different users, which is similar to the K-user MIMO 
interference channel matrix. And the matrix l  is used for 
interference suppression at receivers. Note that (18) separates 

l  and k  from klr  in order to conveniently optimize the 
combination coefficients using interference alignment method. 
If interference is aligned into the null subspace, the conditions 
must be satisfied: 
 H 0, ,l kl k k l  R   (19) 

 Hrank( ) 0.l ll l R   (20) 

In this case, MAI is completely suppressed and the desired 
signals for the lth user can be expressed as 
 H .l l ll l l ly b n R   (21) 

Fig. 2 depicts the interference alignment solution to 
orthogonal pulse design. We can optimize the combination 
coefficients using interference alignment to align the 
interference into the subspace which is orthogonal to the 
desired signal subspace [24]. A large number of 
interference-free dimensions contribute to MAI suppression. 
However, the number of constraint conditions of interference 
alignment and the computational complexity of (19) increase 
rapidly as the user number increases. The solution to the 
interference alignment method is a great challenge in the 
condition of high user number and imperfect channel 
estimation. 

C. Iterative Interference Alignment Based on Max-SINR 

As mentioned above, it is difficult to solve the equations of 
interference alignment directly. An iterative interference 
alignment algorithm based on network reciprocity was 
proposed to make the interference alignment achievable [25]. 
In [19], the proposed iterative interference alignment algorithm 
optimized the interference suppression matrices to maximize 
SINR at the receivers, which had significant benefits and was 
close to the theoretical analysis. 

There are several criterions used for the implementation of 
iterative interference alignment. Minimum interference leakage 
is one of the iterative criterions [26]. The goal is to minimize 
the transmitted interference to the non-corresponding receivers. 
However, the minimum interference leakage criterion makes no 
attempt to maximize the power of desired signal. In other words, 
when the transmitted power approaches infinity, the minimum 
interference leakage algorithm is optimal. Whereas the 
algorithm is not optimal at low or intermediate signal to noise 
ratio (SNR). The Max-SINR algorithm is proposed to apply to 
the application environment at low SNR.  

In this paper, we propose IA-OPD by using iterative 
interference alignment algorithm based on Max-SINR criterion 
to optimize the combination coefficients l  and k . 

According to (18), we define the SINR at each receiver. The 
SINR of the lth receiver can be expressed as  

11R

21R

31R

12R

22R

32R

13R

23R

33R

 
Fig. 2. Interference alignment solution to orthogonal pulse design for three 
users with two combined wavelets at each user node. 
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H H H

H
SINR = .l ll l l ll l

l
l l l

R R

B

   
 

 (22) 

In (22), the denominator represents the power of noise and 
interference at the lth receiver, and the numerator represents the 
power of the desired signal for the lth user. Furthermore, l  
denotes the covariance matrix of interference and noise, which 
can be expressed as 

 H H H H

1

- .
K

l kl k k kl ll l l ll N
k 

 B R R R R I     (23) 

Obviously, the matrix N N
l

   is a symmetric positive 
definite matrix whose positivity is guaranteed from physical 
principles. According to the Cholesky Factorization, there 
exists a unique lower triangular N NL   with positive 
diagonal entries such that 

 H.l LL  (24) 

Then we define that 

 H .l lα L α  (25) 

Substituting (24) and (25), we can rewrite (22) as 

  
 

2
-1,

SINR = .
,

l ll l

l
l l

L R
 

 

 
 (26) 

According to Cauchy–Schwarz inequality, we can get  

      2
-1 -1 -1, , , .l ll l l l ll l ll lL R L R L R         (27) 

The SINR of the lth receiver can be rewritten as 

  
   

2
-1

-1 -1
,

SINR = , .
,

l ll l

l ll l ll l
l l


L R

L R L R


 
 

 
 

 (28) 

As a result, the maximum SINR can be obtained as 
  max -1 -1SINR = , ,l ll l ll lL R L R   (29) 

if and only if l
  and -1

ll lL R   are linearly dependent, which 
can be assumed that 
 -1= ,l ll lkL R   (30) 

where k is not zero. In the condition that k  is known, the 
vector l  that maximizes (22) can be designed as 

  
 

1

1
.l ll l

l

l ll l






B R

B R





 (31) 

The reciprocity property of channel is the basic theory of 
iterative interference alignment algorithm. Note that the 
combination coefficient vectors l  is equivalent to k  in the 

structure of (18). And the reciprocity between transmitted 
pulses and local template pulses also exist in the WDMA-UWB 
systems. Hence, we provide a realization of the proposed 
iterative interference alignment algorithm based on Max-SINR 
criterion shown in Algorithm 1. The algorithm based on 
Max-SINR criterion updates the combination coefficient 
vectors l  and k  to optimize the objective function in 
iterative process and suppress interference step by step at 
receivers. The iterative process repeats until convergence or the 
number of iterations reaches the defined limit. As a result, the 
final coefficient vectors l  and k  satisfy the optimized 
criterion which can suppress MAI effectively. In other words, 
the designed pulses based on optimized coefficients are 
mutually orthogonal with good cross-correlation characteristic.  

Moreover, the correlation matrix klR  and noise matrix NI  
are the useful parameter we need to calculate before 
initialization. klR  is available for each user in the condition of 
accurate estimation of channel delay. And NI  depend on the 
SNR estimation of WDMA-UWB systems. Consequently, the 
accurate estimations of channel delay and SNR information are 
preconditions for the proposed iterative interference alignment 
algorithm. 

Then we analyze the computational complexity of the 
iterative interference alignment algorithm. The computational 
complexity mainly depends on matrix operations. The step 3 of 
the algorithm has the complexity of 2 3( )O K N  which mainly 
depend on the complexity of matrix multiplication and the user 
number K. Similarly, the step 4 based on matrix inversion and 
matrix multiplication has the complexity of 3( )O KN . Thus, the 
overall computational complexity of the algorithm can be 
expressed as 2 3( )O K N . As a matter of fact, N is usually a 
really small number that has little effect on computational 
complexity. Hence, the user number K determines the 
computational complexity of the IA-OPD algorithm. 

IV. SIMULATION RESULTS AND ANALYSIS 

In this section, we evaluate the IA-OPD scheme through 
numerical simulations. The designed orthogonal pulses are 
applied to a multiuser WDMA-UWB system for space 
formation flying to evaluate the cross-correlation, BER 
performances, user capacity and near-far resistance under the 
assumption of perfect channel estimation.  

A. Simulation Setup 

The transmitted bits are modulated to the corresponding 
orthogonal pulses which are designed by the proposed IA-OPD 
to achieve WDMA. The repetition period of per pulse sT  is 
chosen to be 20 ns. The free space channels between spacecraft 
are considered as the AWGN channels with ideal channel and 
SNR estimation. The correlation receivers’ local template 
signals are also designed pulses.  

In this paper, we choose the basic orthogonal wavelet pulses 
based on Meyer wavelet functions for combination. The Meyer 
wavelet is an orthogonal wavelet proposed by Yves Meyer, 
which has many advantages for the pulse design, such as 
compactly supported character in frequency domain, rapid 
convergence in time domain, symmetry and orthogonality. We 

 

Algorithm 1: Iterative Interference Alignment Based on Max-SINR 

1: Initialization with any unit vectors , {1,2,..., }k k K   

2: Begin iteration 

3: Calculate the covariance matrix of interference and noise 

, {1,2,..., }l l K B  for the lth user by using (23) 

4: Calculate combination coefficient vector , {1,2,..., }l l K   at the lth 

receiver by using (30) 

5: Update the coefficient vector k which can be written as 

, {1,2,..., }k k k K     

6: Turn back to 3 and repeat until convergence, or the number of iterations 

reaches a limit defined earlier. 
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choose 1 2, ,..., {0,1,..., }k k kNu u u L , where L is the maximum 
value of dilation parameter ku . Note that the width of wavelet 
pulse influenced by dilation parameter in time domain becomes 
narrow as ku  increases. When ku  is very high, the extremely 
narrow pulse can result in the expansion of frequency spectrum, 
the increase in sampling rate and difficult implementation in 
practice. Hence, the dilation parameter should be kept as small 
as possible. The translation coefficients do little to help 
improve the orthogonality of waveforms owing to the channel 
delay. We do not take the translation coefficients into 
consideration in this paper. Hence, the Meyer wavelets with 
different dilation parameters compose a set of basic orthogonal 
pulses for combination. 

Let us consider the allocation principle of Meyer wavelet 
functions for different users. As mentioned above, we choose 
the Meyer wavelets according to the dilation parameters. We 
should ensure that the Meyer wavelets allocated to different 
users for combination have not exactly the same dilation 
parameters. When we assume N=2 (the designed pulse is 
composed of two basic Meyer wavelets), the number of 

available combinations of Meyer wavelets is 2
1LC  . Whereas 

the number of available combinations is 3
1LC   when N=3 (the 

designed pulse is composed of three basic Meyer wavelets). It 
reveals that the increase of N results in more available 
combined Meyer wavelets when L is greater than 4. 

B. Validity of IA-OPD scheme 

Fig. 3 shows the examples of the combined pulse waveforms 
before and after combination coefficients optimization, and Fig. 
4 shows the cross-correlation value between the two combined 
waveforms. We choose K=2, N=3 and L=3 as an example to 
intuitively demonstrate the availability of the IA-OPD scheme. 
It is obvious that the cross-correlation value after the 
optimization of combination coefficients is much lower than 
that before optimization. Therefore, the proposed scheme can 
greatly improve orthogonality of combined pulse waveforms.  

Fig. 5 shows the convergence of the Max-SINR algorithm. 
The convergence property influences the availability of 
iterative algorithm and the number of iterations. In Fig. 5, the 
curves are all convergent to 0dB as the number of iterations 

 
Fig. 3. Combined pulse waveforms before and after optimization (K=2, N=3, 
L=3). 
 
 

 
Fig. 4. Cross-correlation value between the waveforms before and after 
optimization (K=2, N=3, L=3). 
 

 
Fig. 6. BER performance using optimized combined waveforms and 
non-optimized waveforms (K=30, N=3, L=5). 
 

 
Fig. 5. The convergence of the Max-SINR algorithm (K=10, N=3, L=9). 
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increase, which indicate that MAI is suppressed gradually in 
iterative process. We evaluate the convergence of Max-SINR 
algorithm at different SNR. Obviously, the initializations and 
rates of convergence for different SNR have distinctive 
differences. At low SNR, MAI has little effect on the system 
relative to noise. Hence, the values of SINR are almost equal to 
those of SNR in the iterative process. Due to the weakened 
influence of noise, the effect of MAI during initialization 
increases as SNR increases. At intermediate SNR, the rate of 
convergence is slower than that of high SNR, which means 
more iteration number is required to maximize SINR. This is 
due to the noise in (23) influencing the rate of convergence. In 
conclusion, the iterative interference alignment algorithm 
based on Max-SINR criterion can be used for optimization of 
combination coefficients. In order to achieve good performance 
and low complexity, we choose 20 iteration number as a 
compromise.  

Fig. 6 demonstrates the validity of IA-OPD scheme using 
optimized pulse waveforms and non-optimized waveforms 
with K=30, N=3 and L=5. The non-optimized pulse waveforms 

are composed by three allocated Meyer wavelets with random 
combination coefficients, which serve as a contrast to the 
optimized combined pulses. The curve marked optimized 
waveforms has a superior BER performance approximating to 
that of the single user, whereas the BER performance marked 
non-optimized waveforms is poor due to the imperfect 
orthogonality of combined pulse waveforms without 
optimization.  

C. BER performance 

Fig. 7 shows BER versus SNR with different user number 
(K=10, 30 and 50) and N=2, L=5. The curve marked 10 users is 
close to that marked single user. It is obvious in Fig. 7 that the 
system exhibits gradual performance degradation as the 
number of user K increase. When the user number is 50, the 
BER performance is very poor due to the large user number and 
small values of N and L. As mentioned above, the number of 
available combinations of basic wavelets is 2

6 15C  . When the 
user number is so large that the available combinations of basic 
wavelets are not enough to be allocated to different users, the 

 
Fig. 7. BER performance for different user number K (N=2, L=5). 
 

 
Fig. 8. BER performance for different value of N (K=50, L=5). 
 

B
E

R

Fig. 9. BER performance for different value of L (K=90, N=3). 
 

Fig. 10. BER comparisons of WDMA-UWB and DS-UWB with different user 
number K=30, 50, 90 (N=3, L=5). 
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designed pulses optimized by IA-OPD cannot effectively 
suppress MAI at transmitters. Hence, the user capacity is 
limited by N and L.  

Figs. 8 and 9 depict the BER performances versus the 

0bE N  ratio with different values of N and L, respectively. In 
Fig. 8, the user number is 50 and we assume L=5, which means 
the maximum value of dilation parameter we choose is 5. The 
BER performances are quantified with the number of basic 
combined wavelets N=2, 3, 4. The curve marked N=2 has the 
worst BER performance. Obviously, increasing N can give 
better performance when compared with N=2. Moving from 
N=2 to N=4, the performance gain around 4dB at the BER of 

310 . However, the BER performance improve slightly from 
N=3 to N=4. The results point out that the pulses designed by 
IA-OPD can effectively suppress MAI when K=50 and L=5. 
Fig. 9 shows the BER performance when the user number is 90. 
In the case of large user number, the pulses designed by 
IA-OPD with N=3 and L=5 cannot provide large user capacity. 
As expected, the BER performance improves with increasing 
the maximum value of dilation parameter L, thereby providing 
more available combinations of basic wavelets. Note that the 
number of available combinations of basic orthogonal wavelets 
depends on N and L. The appropriate values of N and L can be 
chosen by the user number in WDMA-UWB systems. When 
the active user number is small, we can choose smaller values 
of N and L for IA-OPD scheme. In this condition, the proposed 
IA-OPD scheme offers lower computational complexity and 
easier implementation. When the active user number is large, 
larger values of N and L are needed for the proposed IA-OPD 
scheme.  

Fig. 10 indicates the BER performances of WDMA-UWB 
for 30, 50, 90 users with N=3 and L=5. Furthermore, 
comparisons are made between WDMA-UWB system and 
DS-UWB system in terms of achievable BER performance and 
user capacity. The DS-UWB system we simulate uses Kasami 
codes with a length of 255 to provide MA capacity. At the 
DS-UWB receivers, multiuser detector based on MMSE 

algorithm is used for MAI suppression. Obviously, the BER 
performance of WDMA-UWB deteriorates slightly as the 
number of users increases. The performance is still better than 
that of DS-UWB system with 30 users even if the user number 
of WDMA-UWB system is 90. The performance of DS-UWB 
seriously deteriorates in comparison with that of WDMA-UWB 
for the same user number. When the user number exceeds 50, 
the DS-UWB communications suffer serious influence due to 
the strong MAI. Similarly, the traditional MUD algorithms, 
such as decorrelation (DEC), successive interference 
cancellation (SIC) and parallel interference cancellation (PIC), 
achieve the analogical BER performances owing to the 
simulation results of MMSE multiuser detectors shown in Fig. 
10. When the user number is large, the performances of 
traditional multiuser detectors achieve worse performances 
than that of WDMA-UWB system without any MUD. 
Furthermore, it is obvious that WDMA-UWB system has a 
good BER performance approximating to that of the single-user 
communication. Hence, MUD algorithms can be omitted at 
receivers to reduce the complexity and energy consumption. In 
conclusion, the simulation result demonstrates that the 
WDMA-UWB system employing IA-OPD scheme can achieve 
better BER performance and larger user capacity without using 
any MUD methods at receivers than the traditional DS-UWB 
system. 

D. User capacity 

In Fig. 11, we evaluate the user capacity of WDMA-UWB 
system applying orthogonal pulses designed by IA-OPD 
scheme, for varying N and L. The curve marked N=2 and L=5 is 
much more sensitive to user number than the other curves. 
Obviously, the orthogonal pulses with N=2 cannot provide 
large user capacity. It is worth emphasizing that the 
performances for N=3 and N=4 deteriorate slightly as the 
number of users increases. The results point out that the 
IA-OPD with N=3 and N=4 can both provide large user 
capacity, which can satisfy the user number of space formation 

 
Fig. 11. BER performance at SNR=6dB for different number of users with 
different values of N and L. 
 

Fig. 12. Near-far resistance of IA-OPD with different values of N and L with 30 
users at SNR=6dB of desired user. The other users have the same SNR varying
from 0dB to 12dB.  
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flying. According to the analysis of computational complexity 
in section III, the complexity is still acceptable and the user 
capacity is high enough for most practical application scenarios 
when we assume N=3. Moreover, the performance improves 
when L increases in the case of N=3. The IA-OPD scheme with 
larger value of L provides larger user capacity. However, 
increasing the maximum value of dilation parameter L results in 
narrower width of basic Meyer wavelet in time domain, which 
greatly affect the implementation of IA-OPD scheme in 
practice.  

For the WDMA-UWB based space formation flying system, 
there are dozens of formation spacecraft in general. The values 
N and L can be chosen by the number of users and the 
performance requirements of the system. The IA-OPD scheme 
with large values of N and L can achieve excellent BER 
performance and user capacity. Conversely, the scheme with 
small values of N and L offers low complexity and simple 
implementation in practice at the cost of sacrificing 
performance and user capacity. Hence, a trade-off between 
performance and complexity of the system makes the proposed 
IA-OPD scheme achievable for WDMA-UWB based space 
formation flying.  

E. Near-far resistance 

The proposed IA-OPD scheme is applied to the space 
formation flying system without power control. Due to the 
constant change of relative positions of spacecraft, the received 
power from interfering users can be tens of dB larger than the 
desired signals, which results in a near-far problem. The 
orthogonal pulses with excellent cross-correlation property for 
WDMA-UWB system can resist the near-far effect without any 
power control techniques. Thus, the near-far resistance is a 
common performance measure for analyzing UWB systems 
and evaluating the IA-OPD scheme. We consider a 30-user 
WDMA-UWB system where near-far interference effect is 
present. Assume that the user 1 is the desired user and user 2-30 
are interfering users. The desired user's SNR is fixed on 6dB. 
The SNR of other users varies from 0dB to 12dB 
synchronously. Fig. 12 shows the near-far resistance of systems 
with different values of N and L. It is apparent that the near-far 
resistance performance of system with N=3 and L=3 is poor due 
to the small value of L which results in the poor 
cross-correlation property of designed orthogonal pulses. When 
the values of N and L are suitable for the number of users (i.e., 
the curves marked N=2, L=5 and N=3, L=5), the systems are 
unaffected by the near-far effect. Simulation results 
demonstrate that the proposed IA-OPD scheme with suitable N 
and L can design optimized orthogonal pulses whose 
cross-correlation property counteracts the near-far interference 
effectively. 

V. CONCLUSION 

In this paper, an optimized orthogonal pulse design scheme, 
termed as IA-OPD has been proposed for WDMA-UWB based 
space formation flying system. We have designed the pulse 
waveforms employing the combinations of orthogonal wavelet 
pulses. The combination coefficients were optimized by using 

iterative interference alignment approach based on Max-SINR 
criterion. Simulation results have shown that the optimized 
pulses designed by IA-OPD have excellent orthogonal property. 
The orthogonal pulses used for WDMA-UWB systems can 
provide large user capacity, good BER and near-far resistance 
performances without MUD methods. Moreover, the suitable 
values of N and L make a compromise between performance 
and complexity of the system. Hence, IA-OPD scheme 
provides an elegant solution to the problem of pulse design for 
multiuser WDMA-UWB systems. 
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