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요   약

FCC 스펙트럼을 만족하는 역(UWB) 무선을 한 새로운 펄스 형을 제안한다. POCS(projections onto 

convex sets) 기술은 UWB 신호의 제반특성(FCC 스펙트럼 마스크하에서의 효율 인 스펙트럼 이용, 시간 제한성, 

좋은 자기상 )의 제약 조건하에서 UWB 펄스의 시간  스펙트럼의 형을 최 화한다. 시뮬 이션 결과에 의하

면 펄스 형의 모든 값에 해 새로운 펄스 형은 FCC 스펙트럼 마스크를 매우 효율 으로 만족할 뿐만 아니

라 거의 동일한  자기상 함수를 갖고 있음을 보여 다. 한 동일한 펄스폭에 해 제안된 펄스의 단된(즉 엄

격히 시간 제한된) 펄스 형은 이진 TH-PPM(time-hoping pulse position modulation) 시스템의 BER 성능에서 

단된 가우시안 모노싸이클(Gaussian monocycle)보다 우수하다. POCS 기술은 이 기술의 본질 인 설계 유연성 

 결합 최 화 능력 에서 UWB 펄스 형 설계에 매우 효과 인 방법을 제공한다.

Key Words : Ultra-wideband (UWB), Impulse radio, Pulse design algorithm, Projections onto convex 

sets (POCS)

ABSTRACT

We propose new pulse shapes for FCC-compliant ultra-wideband (UWB) radios. The projections onto convex 

sets (POCS) technique is used to optimize temporal and spectral shapes of UWB pulses under the constraints of 

all of the desired UWB signal properties: efficient spectral utilization under the FCC spectral mask, 

time-limitedness, and good autocorrelation. Simulation results show that for all values of the pulse duration, the 

new pulse shapes not only meet the FCC spectral mask most efficiently, but also have nearly the same 

autocorrelation functions. It is also observed that our truncated (i.e., strictly time-limited) pulse shapes outperform 

the truncated Gaussian monocycle in the BER performance of binary TH-PPM systems for the same pulse 

durations. The POCS technique provides an effective method for designing UWB pulse shapes in terms of its 

inherent design flexibility and joint optimization capability.  
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Ⅰ. Introduction

  A Gaussian monocycle (or monopulse) is wide-

ly considered as a basic pulse shape in ultra-wi-

deband (UWB) radios (or impulse radios)
[1][2]. 

However, it does not meet the FCC spectral 

mask
[3] and causes a spectral overlay problem. 

Thus, it must be reshaped to be suitable for 
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FCC-compliant UWB radios. The UWB pulse 

shape has an influence on the system performance 

of UWB radios such as bit-error rates and data 

rates. The pulse duration of the UWB pulse shape 

need to be shorter for the higher data rate and 

system capacity. The BER performance of UWB 

radios depends on the received signal-to-noise ra-

tio (SNR) and the autocorrelation function (ACF) 

of the pulse shape used in UWB radios 
[4][5]. It is 

also described in [6] that given the stringent 

transmit power limitations, maximization of the 

received SNR requires efficient utilization of the 

bandwidth and power allowed by the FCC spec-

tral mask.

  Various pulse shape design methods
[6]-[14] for 

UWB radios have been proposed to resolve the 

problems described above. The methods proposed 

in [6], [7], and [8] are to filter the Gaussian 

monocycle using optimization techniques. This fil-

tering method can increase the pulse duration. 

The digital filter design method using the 

Parks-McClellan algorithm
[8] can shape optimal 

UWB pulses which meet the FCC spectral mask, 

but can have a locally optimum problem. The 

globally optimal pulse design method based on 

semidefinite programming (SDP)
[6] can achieve op-

timal spectral utilization at a relatively low sam-

pling rate of 25 GHz. On the other hand, the 

method presented in [9] and the methods pro-

posed in [10] and [11] are to design orthogonal 

pulse shapes using ideas of Hermite polynomials 

and prolate spheroidal wave functions, 

respectively. The method using ideas of prolate 

spheroidal wave functions
[11] can meet the FCC 

spectral mask without increasing the pulse 

duration. The resulting pulse durations are 

time-limited to 1 ns, and are less than the pulse 

durations of the UWB pulses generated using 

Hermite polynomials of order 3 or higher
[9]. 

However, the pulse shapes do not achieve the 

most efficient spectral utilization, and require a 

higher sampling rate of 64 GHz. Results of [13] 

show that time-limited UWB pulse shapes using a 

novel algorithm not only meet the FCC spectral 

mask, but also provide good BER performance 

(i.e., comparable to the BER performance of the 

6th-order Gaussian monocycle) in multiple access 

interference environments. Novel orthonormal puls-

es for high data rate communications proposed in 

[14] not only meet the FCC spectral mask for in-

door UWB systems, but also preserve orthogon-

ality at the correlation receiver.

  In this paper, we consider a convex projec-

tions-based optimization problem which satisfies 

all of the desired UWB signal properties: efficient 

spectral utilization under the FCC spectral mask, 

time-limitedness, and good autocorrelation. The 

projections onto convex sets (POCS) technique in-

corporates all these signal properties into an UWB 

pulse shape design. The goal is to design new 

pulses whose temporal and spectral shapes are op-

timized under the constraints of all these signal 

properties. The POCS technique is an iterative op-

timization method that finds a feasible solution 

consistent with a number of a priori con-

straints
[15]. Constraints are defined using a priori 

information about the actual signal properties. 

There has been a number of successful applica-

tions
[15]-[18] of the POCS technique to communica-

tions and signal processing.

  This paper is organized as follows. Section II 

addresses the POCS-based pulse shape design for 

FCC-compliant UWB Radios. In Section III, we 

discuss simulation results. Section IV gives the 

conclusions.

Ⅱ. POCS-Based Pulse Shape 

Design for FCC-Compliant UWB 

Radios

  The POCS technique numerically generates new 

UWB pulse shapes using the Gaussian monocycle. 

The Gaussian monocycle g(t)
[8] can be written as

    



 

 


         (1)

where  denotes the peak amplitude of the 

monocycle,  is the Naperian or natural base of 

logarithms, and   is the time duration between 
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its minimum and maximum values. The Gaussian 

monocycle's duration   is approximately given 

by    . The Fourier transform of  is giv-

en by

    












 
 
 


         (2)

where     is the center frequency at which 

the magnitude spectrum  is maximized.

  An UWB pulse shape design can be formulated 

as finding a pulse shape which satisfies all these 

signal properties: efficient spectral utilization under 

the FCC spectral mask, time-limitedness, and good 

autocorrelation. In this paper, we apply the POCS 

technique to this UWB pulse shape design. The 

convex sets used in the POCS technique will be 

described, based on the UWB signal properties.

  We can view  samples of the Gaussian monocycle 

 to be optimized as a vector      ⋯ , 

     ∈where    , for   ⋯   , 

is the discrete-time signal of . Here  , , and 

  denote the set of all real ordered -tuples, the 

transpose of a matrix, and the sampling interval, 

respectively.

2.1 Convex Sets Associated with the UWB 

Signal Constraints

  We use three closed convex sets associated 

with the UWB signal constraints. Let  

  ⋯∈ . Then the convex 

sets are described as follows:

  ∈   ≤  ∈ denotes the 

convex set of all vectors u whose discrete 

Fourier transforms  have magnitude less 

than or equal to a prescribed nonnegative 

function  over a set of discrete fre-

quency indices 
[15][17]. Here  is the 

normalized magnitude spectrum (i.e., Fourier 

transform mask), with  , asso-

ciated with the FCC spectral mask, and the 

Fourier transform mask is obtained by the 

square root of the FCC spectral mask.

  ∈      ∉  denotes the 

convex set of all vectors  that vanishes out-

side a set of discrete time indices 
[15][18]. 

The discrete time indices   are associated 

with a control parameter of time-limitedness, 

 , where   is defined as    . Here 

  is a positive scaling factor.

  ∈  ≤  ∈ denotes the 

convex set of all vectors  whose absolute 

projection onto the vector    ⋯

    
 is bounded by the scalar 

  
, for   ⋯, over a set of 

discrete time indices 
[17]

. Here 

 


  

    ⋯    
   


 ⋯ 


, for 

  ⋯, represents the vector  

left-shifted by  positions and with  zero 

paddings in the tail. Also  and  denote 

the estimated autocorrelation and the design 

goal control parameter (i.e., the absolute val-

ue of the autocorrelation of the Gaussian 

monocycle), respectively. Thus, this set can 

control the autocorrelation of the designed 

pulse, based on the autocorrelation property 

of the Gaussian monocycle.

2.2 Projection Operators Associated with 

the Convex Sets 

  The projection operators presented in [15], [17], 

and [18] are adapted for the convex sets given in 

Section 2.1. Let  be an arbitrary element of 

the Hilbert space, possibly outside the convex set. 

Also let  denote the result of the projection 

of an arbitrary element  onto a convex set 

and let ⇔ denote a discrete Fourier 

transform pair. The projection operators associated 

with the convex sets are defined as follows.

Projection operator   onto 
[18]: Let 

   ⋯ , then

 
 ⇔














   ≤ ∈



    ∈
 ∉
 

  

                               (3)
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   (ns)
NESP  

(%)
   (ns)

NESP  

(%)

0.60 0.1115 99.5358 6.00 1.1152 99.1221

0.80 0.1487 99.5358 8.00 1.4870 98.6426

1.00 0.1859 99.4276 10.00 1.8587 99.1604

1.50 0.2788 98.9345 12.00 2.2305 99.3798

2.00 0.3717 99.0461 14.00 2.6022 99.0195

2.50 0.4647 99.1277 16.00 2.9740 99.4267

3.00 0.5576 95.0925 18.00 3.3457 99.4184

3.50 0.6506 99.1375 20.00 3.7175 99.4502

4.00 0.7435 98.8853 22.00 4.0892 99.4479

4.50 0.8364 99.5438 24.00 4.4610 99.7272

5.00 0.9294 99.3766 26.00 4.8327 99.8090

표 1.제어 매개변수 의 함수로서의 정규화된 실효신호

력(NESP).
Table 1. Normalized effective signal power (NESP) as a 
function of the control parameter  .

Projection operator   onto 
[18]: Let 

   ⋯ , then

        
∈

   ∉
    (4)

Projection operator   onto 
[17]: Let 

 
 and    ⋯ , then

    














   ≤ ∈
 ∥∥

     ∈
 ∥∥


    ∈

 

     

  (5)

  Given the constraint convex sets and their re-

spective projection operators, the th iteration 

of the POCS algorithm can be written as 

 ⋯    ⋯ 
,   ⋯, 

where  . Here  denotes the estimate ob-

tained at the th iteration of the POCS algorithm. 

Since the three constraint sets used in the projec-

tions are convex, the POCS algorithm is guaran-

teed to converge to a member of the nonempty 

intersection of  ,  , and 
[15].

Ⅲ. Simulation Results

  The POCS-based method has been simulated 

using the Gaussian monocycle in (1), where  is 

set to 6.85 GHz. The duration of the Gaussian 

monocycle   thus becomes    ns. The 

sampling rate   is set to 41.1 GHz with a neg-

ligible aliasing error. We use the FCC spectral 

mask for indoor UWB systems
[3].

  First, we use the spectrum utilization efficiency 

as a performance measure. The spectrum uti-

lization efficiency can be measured by the nor-

malized effective signal power (NESP) 
[6]  

which is defined as  


  




 

×  , where 

 and   are the FCC spectral mask and the 

UWB passband ranging between 3.1 and 10.6 

GHz, respectively. Table 1 shows the NESP per-

formance as a function of the control parameter 

of time-limitedness,  . The spectrum utilization 

efficiency is significantly high and nearly constant 

irrespective of  . The NESP value ranges from 

95.1 to 99.8 % for ≤ ≤  ns. The pre-

vious method presented in [6] provides maximum 

NESP values of 83.8 %, 85.0 %, and 85.5 % for 

a pulse duration of 1.32 ns, 1.44 ns, and 1.48 ns, 

respectively, while the previous method proposed 

in [11] provides a NESP value of approximately 

39 % for a pulse duration of 1 ns. In particular, 

the method presented in [6] gives NESP values of 

approximately 45 to 77 % for pulse durations of 

0.40 to 1.00 ns. Since our designed pulse shapes 

are not strictly time-limited, it is not easy to 

compare the NESP values of the designed pulse 

shapes directly with those of the pulse shapes 

proposed in [6] and [11] for the same pulse 

durations. However. it is noteworthy that our new 

pulse shapes provide significantly high NESP val-

ues (i.e., nearly close to 100 %) for all values of 

 . This means that the spectral utilization effi-

ciency of our new pulse shapes is actually maxi-

mized under the FCC spectral mask.

  Next, Figures 1-3 show the designed pulse 

shapes and their magnitude spectra for the three 
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(a) (b)

그림 1. 설계된 펄스 형  이의 크기 스펙트럼(   ns인 경우)  

Fig. 1 Designed pulse shape and its magnitude spectrum for the case of    ns.

(a) (b)

그림 2. 설계된 펄스 형  이의 크기 스펙트럼(   ns인 경우) 

Fig. 2 Designed pulse shape and its magnitude spectrum for the case of    ns.

(a) (b)

그림 3. 설계된 펄스 형  이의 크기 스펙트럼(   ns인 경우) 

Fig. 3 Designed pulse shape and its magnitude spectrum for the case of    ns.
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(a)

(b) 

(c)

그림 4. 서로 다른 값에 해 설계된 펄스 형  가우

시언 모노싸이클의 정규화된 자기상 함수((a)    

ns, (b)    ns, (c)    ns)

Fig. 4 Normalized autocorrelation functions (ACFs) of 
the designed pulse shapes and the Gaussian monocycles 
for different values of  : (a)    ns, (b) 

   ns, and (c)    ns.

cases:    ns,    ns, and    ns, 

respectively. It is evident that the magnitude spectra 

of the designed pulse shapes match the FCC 

Fourier transform mask  for these three pulse 

shapes because of their high NESP values: NESP = 

99.54 %, NESP = 99.43 %, and NESP = 99.81 % 

for    ns,    ns, and    ns, 

respectively. The Gaussian monocycle, the first de-

rivative of a Gaussian pulse, has a single zero 

crossing, while our pulse shapes have multiple zero 

crossings like the nth derivative of a Gaussian 

pulse with n zero crossings
[19]. This suggests that 

our pulse shapes are similar to the th derivative of 

a Gaussian pulse. Also our pulse shapes are 

DC-free and have significantly less low-frequency 

components than the Gaussian monocycle.

  The normalized ACFs of the designed pulse 

shapes are illustrated in Fig. 4. The normalized 

ACFs of our pulse shapes are almost indistinguish-

able for all values of   and similar to those of the 

modified Hermite pulses (MHPs) of order 

    
[19]. The main difference is that the 

width of the main peak in the ACF of the MHP 

becomes narrower as the order of the MHP in-

creases
[19], while the width of the main peak in the 

ACF of our pulse shape remains nearly unchanged 

for all values of  . This implies that our pulse 

shapes are less sensitive to timing jitter.

  Finally, we compare the bit-error rate (BER) per-

formance for binary time-hoping pulse position 

modulation (TH-PPM) UWB systems using the de-

signed pulse shapes and the Gaussian monocycle 

via Monte Carlo simulation. Since the designed 

pulse shapes and the Gaussian monocycle are not 

strictly time-limited, they are truncated using a rec-

tangular window with the length of 

    for fair performance comparison. 

The truncated pulse shapes are strictly time-limited 

to  . The PPM time shift   is set to the pulse 

duration  . Fig. 5 shows the BER performance as 

a function of   for the two cases;   , 

  ,   , and    : (a)   ns 

and (b)   ns. Fig. 5 (a) represents the case 

of    ns (i.e.,    Mbps) and 

   ns, and Fig. 5 (b) represents the case of 

   ns (i.e.,    Mbps) and    

ns. Here         and  denote 

the signal energy per bit, the noise spectral density, 

the number of pulses per symbol (or bit), the car-

dinality of the TH code (or the number of chips 

over  ), the periodicity of the TH code, the frame 
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(a)

(b)

그림 5. 설계된 펄스 형  가우시언 모노싸이클을 이용
한 이진 TH-PPM UWB 시스템의 의 함수로서의 

BER((a)   ns, (b)   ns)  

Fig. 5 BER as a function of   for binary TH-PPM 

UWB systems using the designed pulse shapes and the 
Gaussian monocycles for the two cases: (a)   
ns and (b)   ns.

time (or pulse repetition time), the symbol (or bit) 

interval, the symbol (or bit) data rate, and the chip 

interval, respectively. It is seen that our pulse 

shapes outperform the Gaussian monocycle in BER 

performance. Since the BER performance highly 

depends on the ACF of the pulse shape
[20], the opti-

mum PPM time shift need to be chosen for more 

performance improvement.

Ⅳ. Conclusions

  The POCS technique has been applied to the 

design of new UWB pulse shapes. It is numeri-

cally shown that for all values of the pulse dura-

tion, the new UWB pulse shapes not only meet 

the FCC spectral mask most efficiently, but also 

have nearly the same ACFs. Our truncated (i.e., 

strictly time-limited) pulse shapes are also shown 

to outperform the truncated Gaussian monocycle 

in the BER performance of binary TH-PPM sys-

tems for the same pulse durations. On the other 

hand, the sampling rate (i.e., 41 GHz) of our 

method is relatively moderate comparing with that 

(i.e. 25 GHz) of the method presented in [6] and 

that (i.e. 64 GHz) of the method proposed in 

[11]. Moreover, the POCS technique inherently 

has flexibility and modularity in modeling various 

constraints without the reformulation of the design 

problem. Therefore, it is suitable for the UWB 

pulse shape design in terms of its design flexi-

bility and joint optimization capability.
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