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Abstract—In February 2002, the Federal Communications 

Commission allocated 7500 MHz of spectrum for unlicensed 

use of commercial ultra-wideband (UWB) communication 

devices. This spectral allocation has initiated an extremely 

productive activity for industry and academia. Wireless 

communications experts now consider UWB as available 

spectrum to be utilized with a variety of techniques, and not 

specifically related to the generation and detection of short RF 

pulses as in the past. 

 

There are many differences between real-world behavior of 

narrow-band and UWB systems. All wireless systems must be 

able to deal with the challenges of operating over a multipath 

propagation channel, where objects in the environment can 

cause multiple reflections to arrive at the receiver (RX). For 

narrow-band systems, these reflections will not be resolvable 

by the RX when the narrow-band system bandwidth is less 

than the coherence bandwidth of the channel. The large 

bandwidth of UWB waveforms, instead, significantly 

increases the ability of the RX to resolve the different 

reflections in the channel. The UWB channel model 

developed by the IEEE 802.15.3a standard body is described 

in this paper. 

 

For highly dispersive channels, an orthogonal frequency-di-

vision multiplexing (OFDM) RX is more efficient at capturing 

multipath energy than an equivalent single-carrier system 

using the same total bandwidth. OFDM systems possess 

additional desirable properties, such as high spectral 

efficiency, inherent resilience to narrow-band RF interference, 

and spectral flexibility, which is important because the 

regulatory rules for UWB devices have not been finalized 

throughout the entire world. This paper describes the design 

of a UWB system optimized for very high bit-rate, low-cost, 

and low-power wireless networks for personal computing 

(PC), consumer electronics (CE), and mobile applica-tions. 

The system combines OFDM modulation technique with a 

multibanding approach, which divides the spectrum into 

several sub-bands, whose bandwidth is approximately 500 

MHz. 

 

The system described in this paper has been selected by 

sev-eral key industry organizations [Mulitband OFDM 

Alliance, Wi-Media, Wireless Universal Serial Bus (USB)] 

because of its very good technical characteristics for the 

diverse set of high perfor-mance short-range applications that 

are eagerly anticipated for CE, PC, and mobile applications. 

 

 
Keywords—Multiband orthogonal frequency-division multi-

plexing (OFDM), ultra-wideband (UWB), wireless personal 

area networks (WPANs). 

 

 

 
I. INTRODUCTION 

When the  Federal  Communications  Commission (FCC)  

greed in February 2002 to allocate 7500 MHz of spectrum for 

unlicensed use of ultra-wideband (UWB) devices for 

communication applications in the 3.1–10.6-GHz frequency 

band [1], the move represented a victory in a long hard-fought 

battle that dated back decades. With its origins in the 1960s, 

when it was called time-domain electromagnetics, UWB came 

to be known for the operation of sending and receiving 

extremely short bursts of RF energy. With its out-standing 

ability for applications that require precision distance or 

positioning measurements, as well as high-speed wireless 

connectivity, the largest spectrum allocation ever granted by 

the FCC is unique because it overlaps other services in the 

same frequency of operation.  
Previous spectrum allocations for unlicensed use, such as 

the Unlicensed National Information Infrastructure (UNII) 

band, have opened up bandwidth dedicated to unlicensed 

devices based on the assumption that “operation is subject to 

the fol-lowing two conditions: (1) This device may not cause 

harmful interference, and (2) this device must accept any 

interference received, including interference that may cause 

undesired operation.”1 Harmful interference is defined as 

“[i]nterference  
that seriously degrades, obstructs or repeatedly interrupts a 

radio communication service.”2 This means that devices using 

unlicensed spectrum must be designed to coexist in an 

uncontrolled environment.  
Devices utilizing UWB spectrum operate according to sim-

ilar rules, but they are subject to more stringent requirements 

because UWB spectrum underlays other existing licensed and 

unlicensed spectrum allocations. In order to optimize 

spectrum use and reduce interference to existing services, the 

FCC’s regu-lations are very conservative and require very low 

emitted power from UWB devices.  
The FCC requires that UWB devices occupy more than 500 

MHz of bandwidth in the 3.1–10.6-GHz band, according to 
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TABLE I 

SUMMARY OF PHY REQUIREMENTS  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1. UWB spectral mask for outdoor communication systems. Emission 

level is measured in 1-MHz bandwidth. 

 

the spectrum mask in Fig. 1. The power spectral density (PSD) 

measured in 1-MHz bandwidth must not exceed the specified 

41.25 dBm, which is low enough not to cause interference to 

other services operating under different rules, but sharing the 

same bandwidth. Cellular phones, for example, transmit up to 

30 dBm, which is equivalent to 10  higher PSD than UWB  
transmitters (TXs) are permitted.  

This presents a serious challenge to any UWB system 

because other services sharing the same band of operation on 

licensed or unlicensed bands are likely to have a much higher 

transmit power and, therefore, would subject UWB receivers 

(RXs) to considerable interference.  
This spectral allocation has initiated an extremely productive 

activity for industry and academia. Wireless communications 

experts now consider UWB as available spectrum to be utilized 

with a variety of techniques, and not specifically related to the 

generation and detection of short RF pulses, as in the past.  
One of the most innovative techniques involves utilizing only 

500-MHz instantaneous bandwidth (the minimum amount al-

lowed by the FCC ruling) and dividing that frequency band into 

smaller simultaneously transmitted sub-carriers. Such systems 

present high regulatory flexibility for worldwide operation be-

cause they enable independent control of portions of the emitted 

spectrum to adapt for different environments.  
A design based on this idea is the best technical solution for 

very high bit-rate, low-cost, and low-power wireless networks 

for personal computing (PC), consumer electronics (CE), and 

mobile applications. These applications can be satisfied by 

rel-atively short-range systems, within a user’s personal space, 

as-suming that all other performance requirements are met.  
Systems developed to date, such as IEEE 802.11b, 11a, or 11g, 

do not address this market because they are designed to integrate 

longer-range wireless networks and are integrated on devices that 

can support higher power consumption and cost. A specification 

is emerging today, led by the multiband orthog- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

onal frequency-division multiplexing alliance (MBOA),3 which is 

optimized to support these applications. The purpose of this 

standard is to provide a specification for wireless connectivity 

among devices within or entering the personal operating space. 

The data rate must be high enough (greater than 110 Mb/s) to 

satisfy a set of CE and multimedia industry needs for wireless 

personal area network (WPAN) communications. The standard 

also addresses the quality of service (QoS) capabilities required 

to support multimedia data types and mobile scenarios. There is 

also an extremely strong interest for even higher throughput and 

shorter range, up to 480 Mb/s, to support applications such as 

Wireless Universal Serial Buse (USB) or Wireless 1394.  
Devices included in the definition of personal area networks 

(PANs) are those that are carried, worn, or located near the body. 

Specific examples include devices that are thought of as tradi-

tionally being networked, such as computers, personal digital 

assistants (PDAs), handheld personal computers (HPCs), and 

printers. Also included are devices such as digital imaging sys-

tems, microphones, speakers, headsets, bar-code readers, sen-

sors, displays, and pagers, as well as cellular and personal com-

munications service (PCS) phones.  
The MBOA has been working for the past year with strong 

in-volvement from leading UWB companies, semiconductor 

man-ufacturers, and CE companies. This work has resulted in 

a new physical layer (PHY) and specifications based on UWB 

tech-nology.  
The technical requirements that form a basis for the stan-dard 

are summarized in Table I. There are two modes of opera-tion 

required, 110 and 200 Mb/s, with higher bit rates, such as 480 

Mb/s, which are highly desirable. The desired range is 10 m for 

110 Mb/s and can be reduced for higher bit rates. The system 

must be able to operate effectively in the presence of other sys-

tems sharing the same spectrum, such as IEEE 802.11a, as well 

as out-of-band systems such as IEEE 802.11b/g. It is also im-

portant that the power consumption be low to enable wireless 

connectivity for battery-operated portable devices.  
The long-term vision for these products is to enable personal 

devices with integrated wireless connectivity. Market considera-

tions require that products be implemented in CMOS in order to 

achieve low-power and low-cost integration with other devices  
[2]. This is the best ticket to fulfilling the vision of integrated 

connectivity. 
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II. UWB CHANNEL AND IEEE 802.15.3a STATISTICAL 

MODEL 
 

All wireless systems must be able to deal with the 

challenges of operating over a multipath propagation channel, 

where ob-jects in the environment can cause multiple 

reflections to arrive at the RX. For narrow-band systems, 

these reflections will not be resolvable by the RX when the 

narrow-band system band-width is less than the coherence 

bandwidth of the channel. As a result, narrow-band systems 

will experience multipath fading, or amplitude fluctuations, 

resulting from the constructive or de-structive combining of 

the reflected paths. When there are a large number of arriving 

paths at the RX within its resolution time, the central limit 

theorem is commonly invoked in order to model the received 

envelope as a Rayleigh random variable. This Rayleigh fading 

channel model has been used extensively to model channels 

for cellular and many other wireless systems [3].  
In contrast, the large bandwidth of UWB waveforms signif-

icantly increases the ability of the RX to resolve the different 

reflections in the channel. This characteristic of UWB systems 

has two main effects. First, the number of reflections arriving at 

the RX within the period of a very short impulse becomes smaller 

as the duration of the impulse gets shorter and shorter. As a 

result, the central limit theorem argument used to justify a 

Rayleigh distribution for the received signal envelope may not be 

valid. Therefore, the distribution of the received enve-lope caused 

by the channel multipath propagation required new measurements 

to understand. Second, as the multipath compo-nents may be 

resolved on a very fine time scale (proportional to the inverse of 

the signal bandwidth), the time of arrival of the multipath 

components may not be continuous. For example, multipath 

results from reflections off walls, ceilings, furniture, people, and 

other objects that may be present within a room. Since UWB 

waveforms can be up to 7.5-GHz wide, for example, paths 

separated by more than approximately 133 ps (equivalent to a 4-

cm path length difference) can be individually resolved at the 

RX. Thus, different parts of the same furniture piece can give rise 

to several multipath components, all of which could be resolved 

by the RX. This phenomenon could partly explain the 

“clustering” of multipath components seen in the measure-ment, 

as described below (i.e., different objects or walls in a room 

could contribute different “clusters” of multipath com-ponents). 

Fig. 2 shows an example of an indoor channel mea-surement. 

This figure highlights a couple of the challenges the multipath 

model poses to UWB systems design. In particular, it shows that 

an indoor channel can have multipath components that extend 

over tens of nanoseconds. This will give rise to po-tential inter-

symbol interference (ISI) when used for high-rate 

communications. In addition, it shows that a significant amount 

of energy exists in the multipath components. Therefore, RXs 

that can efficiently capture multipath components will benefit 

from greater received energy and extended range.  
In order to get a better understanding of the indoor channel 

model, the IEEE 802.15.3a standards body asked for and received 

many contributions describing channel measurements and 

characteristics of those measurements (see [4]4 for a list of those 

contributions). These measurements showed several 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Example channel realization from an indoor channel (the bottom figure 
is the discrete channel response with tap spacing of 167 ps, equivalent to the 
time resolution possible with a 6-GHz pulse). 

 

unique characteristics for UWB channels, as discussed above. In 

particular, it was observed in many measurements that the 

multipath arrivals at the RX were not necessarily continuous in 

time. As a result, a multipath model, which captured the random 

arrival characteristics of the observed measurements seemed 

appropriate. Two previous indoor channel models that captured 

this type of channel behavior include the Saleh–Valenzuela  
(S–V) model [5] and the  model [6]. Both models use a 

statistical process to model the discrete arrivals of the 

multipath components, but the S–V model is unique in its 

approach of modeling arrivals in clusters, as well as rays 

within a cluster. This extra degree of freedom yielded better 

matching of the model to the channel characteristics gathered 

from measurement data. As a result, the IEEE 802.15.3a 

standards body selected the S–V model, which then needed to 

be properly parameterized in order to accurately reflect the 

unique characteristics of the measurements.  
The SV model distinguishes between “cluster arrival rates” 

and “ray arrival rates,” where the first cluster starts by defini-  
tion at time , and the rays within the cluster arrive with a 

rate , given by a Poisson process with a start time relative to 

the cluster arrival time. It was observed in the measurements, 

as seen in Fig. 2, that the power of the multipath components 

decays over time. This was modeled as an exponentially de-

caying power profile with increasing delay from the first ray. 

The “cluster arrival rate,” which is smaller than the ray arrival 

rate, determines when the next cluster begins.  
Mathematically, the impulse response of the multipath 

model is described as  
 
 
 

 

where 
 

•  are the multipath gain coefficients,  refers to the 

impulse response realization,  refers to the cluster, and  

refers to the arrival within the cluster;  
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•  is the delay of the th cluster for the th channel 

realization;  
•  is the delay of the th multipath component relative  

to the th cluster arrival time  (for the th channel 

realization);  
•  represents the log-normal shadowing for the th 

channel realization;  
•  cluster arrival rate;  
•  ray arrival rate, i.e., the arrival rate of a path within  

each cluster.  
By definition, . The distributions of the cluster arrival 

time and the ray arrival time are given by  
 
 
 

 

The channel coefficients are defined as follows (the 

superscript  has been left off for simplicity):  
 
 
 
In the above equations,  reflects the fading associated with the  
th cluster, and  corresponds to the fading associated with the 

th ray of the th cluster. As discussed previously, the small-scale 

fading statistics do not necessarily follow the Rayleigh dis-

tribution. After comparing different probability distributions to 

the measurement data, it was found that the log-normal distri-

bution and the Nakagami distribution seemed to accurately re-

flect the measurement data. Due to its simplicity, the small-scale 

amplitude statistics were modeled as a log-normal distribution 

rather than the Rayleigh distribution, which was used in the orig-

inal S–V model, which is reflected in the following equations:  
 

 Normal    
or  
 
 
 
where   

 Normal   
 
and   

 Normal   
 
are independent and correspond to the fading on each cluster 

and ray, respectively.  
The behavior of the (averaged) power delay profile is  

 
 

 

which reflects the exponential decay of each cluster, as well as 

the decay of the total cluster power with delay. In the above  
equations,  is equiprobable 1 to account for signal inver-  
sion due to reflections, and  is given by  

 

 

Note that a complex tap model was not adopted here. The 

complex baseband model is a natural fit for narrow-band 

systems to capture channel behavior independently of carrier 

frequency, but this motivation breaks down for UWB systems 

where a real-valued simulation at RF may be more realistic.  
Finally, the large-scale fading coefficient is also modeled as a 

log-normal random variable in order to capture shadowing ef-

fects in the channel (i.e., when objects block the line-of-sight 

component causing additional variation in the total average re-

ceived energy). This effect is captured by the term , where  
the total energy contained in the terms  is normalized to 

unity for each realization. This shadowing term is 

characterized by the following:  
 

 Normal   
 

In order to use the model, several of the above parameters 

need to be defined, which helps relate the model to actual 

mea-surements. Table II provides some target parameters for 

various line-of-sight and nonline-of-sight (NLOS) channels. 

The pa-rameters of the model were found through an 

extensive search, which attempted to match the important 

characteristics of the statistical channel model output to the 

characteristics of actual measurements. The important channel 

characteristics included the mean excess delay, the rms delay 

spread, the mean number of paths within 10 dB of the peak 

(represented as  in Table II), and the mean number of 

paths, which capture 85% of the channel energy. Note that the 

tabulated channel model parameters closely match the key 

characteristics of actual measurements. For example, when the 

bandwidth of the channel is very wide, the RX can resolve 

many paths that have useful energy. This characteristic of the 

channel impacts overall system design since it is apparent that 

a significant amount of energy exists in the multipath 

components. As will be seen in the remainder of this paper, 

orthogonal frequency-division multiplexing (OFDM) is an 

attractive modulation scheme for UWB communications 

because it can capture the multipath energy efficiently.  
While the above model is quite general, it still contains a 

number of simplifications. First, it was assumed that the cluster 

and ray arrival rates are delay invariant. This is not necessarily 

the case, however, since reflected paths arriving at short sep-

aration distances are likely to be from the same object, while 

reflections seen at longer delays could come from a number of 

different objects within a room. This effect has also been shown 

in some measurements, but, in the interest of simplicity, the 

802.15.3a model does not reflect that effect. Second, the model 

also assumes that the variance of the log-normal fading is inde-

pendent of the delay. Again, this is not the most general case. An 

argument similar to the above shows that the relative vari-ance 

should be smaller for small delays than for larger delays, a fact 

that was confirmed in [7]. Third, the channel model is based upon 

measurements only up to a 6-GHz bandwidth. As a result, it is 

unclear how well the model will match results in channels with a 

greater bandwidth, although similar trends and character-istics 

would be expected. Finally, the time variations (coherence time) 

of the channel were not considered here since most of the 

applications were based upon pedestrian speeds or slower. More 
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TABLE II 

CHANNEL MODEL PARAMETERS AND COMPARISON WITH CHANNEL CHARACTERISTICS FROM MEASUREMENTS  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 This model is based on LOS (0–4 m) channel measurements reported in [7]. 

 
This model is based on NLOS (0–4 m) channel measurements reported in [7]. 

 
This model is based on NLOS (4–10 m) channel measurements reported in [7], and NLOS measurements reported in [7]. 

 
 This model was generated to fit a 25-ns rms delay spread to represent an extreme NLOS multipath channel. 

 
These characteristics are based upon a 167-ps sampling time. 

 

details of the model parameters and how to generate channel 

re-alizations can be found in [4], and readers interested in 

viewing some actual channel measurements can find them at a 

Univer-sity of Southern California (USC) sponsored site.5 

 

III. MODULATION OF CHOICE FOR UWB 
 

The modulation of choice for UWB communications is 

application dependent and is driven by a number of parameters. 

For high data-rate UWB applications, performance, complexity, 

and system flexibility are the key criteria. The performance of the 

UWB system is determined by its robustness to mul-tipath 

channel environments, ability to handle narrow-band interferers, 

and other UWB interferers. The ability to sculpt the transmit 

spectrum is also an important requirement as the UWB 

regulations have not been finalized in many countries.  
Here, we motivate the suitability of OFDM by demonstrating 

that it satisfies the key criteria better when compared to a single-

carrier approach. Although there are a number of modulation 

choices for UWB, for the sake of brevity, we restrict our at-

tention to the multiband OFDM system and a single-carrier di-

rect-sequence ultra-wideband (DS-UWB) approach based on  
-ary bi-orthogonal keying (MBOK). In [9], the authors com-

pare the computational complexity and multipath energy col-

lection capabilities of the two remaining proposals in the IEEE 

 
 

 

802.15.3a task group: a single-carrier DS-UWB system oper-

ating at a chip rate of 1368 MHz with a 16-finger RAKE; and 

a multicarrier UWB system with a 128-point fast Fourier 

trans-form (FFT), 60.6-ns cyclic prefix (CP), and an operating 

band-width of 528 MHz. 
 
A. Performance in Multipath Channels 
 

Multipath channel environments pose a significant design 

challenge for wireless communication systems. The perfor-mance 

and robustness of a wireless communication system is often 

determined by the amount of multipath energy that can be 

collected at the RX. As shown in Section II, the UWB channel 

models can be highly dispersive. For example, at distances 

between 4–10 m, the typical NLOS channel environment has an 

rms delay spread of 14 ns, while the worst case channel 

environment has an rms delay spread of 25 ns [4].  
Depending on the type of system, there are typically two 

ways to collect multipath energy at the RX: either use a 

RAKE RX in a single-carrier system or insert a CP at the 

beginning of the transmitted symbol, as is often done in 

multicarrier systems, such as OFDM [8]. When the inverse of 

the sampling rate is significantly shorter than the total delay 

spread, as is the case for most UWB communication systems, 

OFDM systems become a more attractive system than a 

single-carrier system, especially in terms of complexity.  
The performance of a single-carrier system in highly disper-

sive UWB channels is limited by two effects. Firstly, a large 
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Fig. 3. 90th-percentile multipath energy capture of a DS-UWB system in 4–
10-m NLOS channel environment. 

 

number of RAKE fingers are needed in order to sufficiently cap-

ture multipath energy. Secondly, the time-dispersive nature of the 

channel causes ISI, resulting in performance degradation. The 

effect of ISI can be mitigated by the use of an equalizer, but this 

comes at the cost of added computational complexity. 

Let the baseband equivalent discrete-sampled received se-  
quence be represented as  with  
 
 
 

 

where  is the transmitted sequence,  is the channel im- 

pulse response of length , and  is the noise sequence. Let  
 represent the output of the RAKE RX with a span of  co-  

efficients out of which only  fingers are nonzero. Let  rep-  
resent the  delays corresponding to the nonzero coefficients  
of the -tap RAKE RX response  . Then  
 
 
 

 

All the multipath energy can be captured if the RX filter re-

sponse is matched to the channel impulse response. However,  
this implies that , and would result in significant imple-

mentation complexity for the RAKE RX.  
The loss in captured multipath energy and the signal-to-ISI 

ratio for the DS-UWB system is illustrated in Fig. 3 as a func-tion 

of the number of RAKE fingers. The results are illustrated for the 

90th-percentile channel realization corresponding to the 4–10-m 

NLOS channel environment (CM3) and a data rate of 114 Mb/s. 

It is assumed that the RAKE fingers are placed to capture the 

largest multipath coefficients within a span of ap-proximately 40 

s. The plot shows that even with the optimal 16-finger RAKE, 

the DS-UWB system can only capture 56% of the available 

multipath energy. On the other hand, the multi-band OFDM 

system, with a bandwidth of 528 MHz and a CP length of 60.6 

ns, can capture approximately 95% of the multi-path channel 

energy for the 90th-percentile channel realization in a CM3 

channel environment. 

 

 

With a 16-finger RAKE RX, the ISI term is only 9 dB below 

the signal energy and would consequently degrade system per-

formance. Note that, as the data rate is doubled, the processing 

gain reduces by a factor of two and, consequently, increases the 

ISI term by 3 dB. For instance, the ISI value for a data rate of 200 

Mb/s is approximately 5 dB below the signal energy for a 16-

finger RAKE RX. Hence, without an equalizer, there is in-

sufficient signal-to-interference and noise ratio (SINR) to suc-

cessfully decode the information bits. 

 

B. RX Complexity 
 

The complexity of the RX is a critical parameter that 

determines the choice of the PHY. The complexity of the 

single-carrier system increases linearly with the number of 

RAKE fingers and the RX sampling rate. For the DS-UWB  
system, an -finger RAKE RX requires  complex mul-

tiplies every chip. For a 16-finger RAKE RX implemented at 

chip rate sampling, 21.9 complex multiplies are required 

every nanosecond. Note that this complexity analysis for the 

DS-UWB system does not include the complexity re-quired to 

implement a high-speed equalizer, which is often needed in 

single-carrier systems at high information data rates ( 200 

Mb/s).  
The complexity of the OFDM system varies logarithmically 

with the FFT size. For an -point FFT,  complex 

multiplies are required every OFDM symbol. Note  
that the OFDM symbol is typically longer than  samples due 

to the presence of a CP. For the multiband OFDM system the 

FFT requires 1.48 complex multiply operations every 

nanosecond.6 The single-tap frequency-domain equalizer 

requires an additional 0.42 complex multiply operations every 

nanosecond resulting in a total RX complexity of 1.9 

multiplies per nanosecond. Additionally, the multicarrier 

system needs no additional complexity to achieve the higher 

information data rates.  
For highly dispersive channels, an OFDM RX is much 

more efficient at capturing multipath energy than an equiv-

alent single-carrier system using the same total bandwidth. In 

addition to being able to efficiently capture energy, an OFDM 

system also possesses several other desirable proper-ties, 

including high spectral efficiency, inherent resilience to 

narrow-band RF interference, and spectral flexibility, which is 

important because the regulatory rules for UWB devices have 

not been finalized throughout the entire world. The 

transmitted spectrum can easily be shaped by nulling out tones 

and/or turning off channels at the multiband OFDM TX in 

order to potentially protect sensitive or critical bands, e.g., 

radio astronomy bands. 

 

IV. OVERVIEW OF MULTIBAND OFDM 
 

Here, we will describe the multiband OFDM system and dis-

cuss the system design tradeoffs that must be considered when 

developing an OFDM-based system for the UWB spectrum. For 

the sake of simplicity, only a three-band multiband OFDM
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                                                                              Fig. 4. Example TX architecture for a multiband OFDM system.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
                                                                                    Fig. 5.Example RX architecture for a multiband OFDM system.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6. Example of time–frequency coding for the multiband OFDM system. 

 

will be described herein. However, details about the full system, 

which has up to 14 sub-bands, can be found in [10] and [11]. 
 
A. Architecture for a Multiband OFDM System 
 

One approach to designing a UWB system based on OFDM is 

to combine the modulation technique with a multibanding ap-

proach [12], which divides the spectrum into several sub-bands, 

whose bandwidth is approximately 500 MHz [10], [11]. The 

transmitted OFDM symbols are time-interleaved across the sub-

bands. An advantage of this approach is that the average trans-

mitted power is the same as a system designed to operate over the 

entire bandwidth. Other advantages of multibanding include 

processing the information over much smaller bandwidth (ap-

proximately 500 MHz), which reduces power consumption and 

lowers cost, improving spectral flexibility and worldwide com-

pliance.  
An example of a multiband OFDM TX and RX [10], [11] is 

shown in Figs. 4 and 5.  
The TX and RX architectures for a multiband OFDM system 

are very similar to that of a conventional wireless OFDM 

 

system. The main difference is that the multiband OFDM 

system uses a time–frequency kernel to specify the center 

frequency for the transmission of each OFDM symbol. An 

example of how the OFDM symbols are transmitted in a 

multiband OFDM is shown in Fig. 6.  
Fig. 6 shows one realization of a time–frequency code, 

where the first OFDM symbol is transmitted on sub-band 1, 

the second OFDM symbol is transmitted on sub-band 3, the 

third OFDM symbol is transmitted on sub-band 2, the fourth 

OFDM symbol is transmitted on sub-band 1, and so on. For 

the sake of simplicity, this example shows a multiband OFDM 

system employing only three sub-bands and using a time–

frequency code of length 3. In practice, the time–frequency 

code can be quite different and much longer in length. The 

time–frequency codes are used not only to provide frequency 

diversity in the system, but also to provide multiple access.  
From Fig. 6, it is also apparent that a guard interval (9.5 ns) is 

appended to each OFDM symbol and that a CP is inserted be-fore 

each OFDM symbol. The guard interval ensures that only a single 

RF transmit and RF RX chain are needed for all channel 
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environments and all data rates and that there is sufficient 

time for the TX and RX to switch between the different center 

fre-quencies. 
 
B. Optimal Operating Bandwidth 
 

An important parameter in the design of the multiband 

OFDM UWB system is the choice of the operating bandwidth. 

This choice impacts not only the link budget and, correspond-

ingly, the overall system performance, but also affects the 

design of the TX and RX, especially the LNA, mixers, power 

consumption of the channel select filter, speed of the dig-ital-

to-analog converters (DACs), analog-to-digital converters 

(ADCs), and ultimately the speed at which the baseband needs 

to process the signal.  
Two of the main parameters in the link budget table that are 

dependent on the operating bandwidth are the received signal 

power and noise figure. The received signal power is a function 

of the difference between the total transmit power and path loss. 

Since the FCC defines the average power in units of decibels 

referred to 1 mW per megahertz, the total transmitted power can 

be expressed completely in terms of the operating bandwidth. If 

the lower frequency  of the operating bandwidth is fixed at  
3.1 GHz and upper frequency  is varied between 4.8–10.6  
GHz, then the total transmit power  can be expressed 

as follows: 
 

 dBm  
 
This equation assumes that the transmit PSD is flat over the 

en-tire bandwidth, which is an optimistic assumption, but 

sufficient for this analysis.  
The path loss, which attenuates the transmitted signal, is 

also a function of the lower and upper frequencies of the 

operating bandwidth. The path-loss model specified by the 

IEEE 802.15.3a channel modeling committee is a free-space 

propagation model and is given as follows:  
 
 

 

where  is the defined as the geometric average of the lower 

and upper frequencies,  is the distance measured in meters, 

and  is the speed of light.  
In Fig. 7, the received signal power as a function of the 

upper frequency is plotted for a distance of 10 m. From this 

figure, it can be seen that the received power increases by, at 

most, 2.0 dB (3.0 dB) when the upper frequency is increased 

to 7.0 GHz (10.5 GHz). On the other hand, increasing the 

upper fre-quency to 7.0 GHz (10.5 GHz) results in the RX 

noise figure increasing by at least 1.0 dB (2.0 dB). Note that 

all relative changes in received power and noise figure were 

made with re-spect to an upper frequency of 4.8 GHz. Thus, 

the overall link margin will increase by, at most, 1.0 dB when 

increasing the upper frequency past 4.8 GHz; however, this 

comes at the ex-pense of higher complexity and higher power 

consumption in current CMOS technology.  
Another important criterion when selecting the operating 

bandwidth is that interferers may potentially lie within the 

bandwidth of interest. For example, in the U.S., the UNII 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
                        Fig. 7. Received power as a function of upper frequency. 

 

band occupies the bandwidth from 5.15 to 5.85 GHz; while in 

Japan, the UNII band occupies the bandwidth from 4.9 to 5.1 

GHz. Both of these bands lie right in the middle of the UWB 

spectrum (see Fig. 1). By avoiding these bands (at least for 

initial devices), it is possible to simplify the design of the 

system, i.e., no complicated notch filters are required to 

suppress the interference.  
Since the FCC specifies that a system must occupy a min-

imum of 500 MHz (10-dB) bandwidth in order to be classi-fied as 

an UWB system, the maximum number of sub-band that can be 

placed between 3.1–4.8 GHz is only three. One possible option is 

to use a single sub-band that spans the entire oper-ating 

bandwidth. However, the data rate requirements stated in Table I 

can be met by using a minimum bandwidth of 500 MHz. From an 

implementation point-of-view (lower power consump-tion for the 

channel select filter, lower speed for the ADCs, and lower speeds 

for the digital processing) and a multiple access point-of-view 

(larger selection of time–frequency codes), using a smaller sub-

band bandwidth is much more desirable. There-fore, choosing a 

sub-band bandwidth as close to 500 MHz as possible is the 

optimal choice.  
In the multiband OFDM UWB system, sub-band 

bandwidths of 528 MHz was chosen because it leads to a 

simple frequency plan and synthesize circuit (see Section IV-

C) and it allows for sufficient transitions regions on either side 

of the three sub-bands for the design of the pre-select filter. 

 

C. Frequency Planning and Synthesize Circuit 
 

The frequency planning shown in Fig. 6 was chosen for two 

specific reasons. First, it allows sufficient guard band on the 

lower side of band 1 and the upper side of band 3 to simplify the 

design of a pre-select filter, which is used to attenuate the out-of-

band signals (including emissions from the global po-sitioning 

system (GPS), global system for mobile communi-cations 

(GSM), PCS, industrial–scientific–medical (ISM) and UNII 

bands). Second, the particular center frequencies for the three-

band system were chosen in such a way that it greatly sim-plifies 

the design of the synthesizer and ensures that system can 
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Fig. 8. Example synthesizer architecture that can switch between frequencies 
within a few nanoseconds. 

 

switch between the center frequencies within a few nanosec-

onds.  
An example of a block diagram for a synthesizer that can 

switch between three frequencies within a few nanoseconds is 

shown in Fig. 8. This synthesizer exploits the relationship be-

tween the center frequencies for the three-band system and os-

cillator. The basic idea is that each of the center frequencies is 

generated using a single-sideband beat product of the oscil-lator 

frequency with another frequency derived from the oscil-lator. 

The other frequency may be obtained from the oscillator 

frequency by using a combination of frequency dividers and 

single-sideband mixers. As an example, the center frequency for 

band 1 is generated by mixing 4224 MHz with 792 MHz to ob-

tain a frequency of 3432 MHz. The 792-MHz signal is generated  
by mixing 528 MHz  4224/8  and 264 MHz  4224/16  . 

The center frequencies for bands 2 and 3 can be obtained by  
mixing 4224 MHz with 264 MHz  4224 MHz/16  .  

The advantage of this architecture is that all of the center fre-

quencies are generated from a single phase-locked loop (PLL). 

Since all of the center frequencies are available at all times, 

switching between the different sub-bands can be accomplished 

within a few nanoseconds. The exact time required for switching 

is limited by the response time of the multiplexer.  
Fig. 9 depicts the plot from a circuit-level simulation of the 

frequency-switching architecture shown in Fig. 8. From this 

plot, it is clear that the nominal switching time is 

approximately 2 ns. 

 

D. Optimal FFT Size 
 

Another important parameter when designing an OFDM 

system is the size of the FFT. This block is typically 25% of 

the RX digital baseband complexity. Therefore, choosing an 

FFT size as small as possible is imperative. For the design of 

the multiband OFDM system, FFT sizes of 64 points ( 51 

kgates) and 128 points ( 70 kgates) were considered. Since 

the multiband OFDM is targeted toward portable and 

handheld devices, an FFT size of 256 points ( 91 kgates) is 

potentially too complex for low-cost low-complexity 

solutions. However, the use of a smaller FFT size increases 

the overhead due to CP and degrades the range.  
The performance of the multiband OFDM system with a  

64-point FFT and a prefix length of 41.7 ns, with a 64-point 

 

 

FFT and a prefix length of 54.9 ns, and with a 128-point FFT and 

a prefix length of 60.6 ns was compared for the CM3 multipath 

channel environment specified in the IEEE 802.15.3a channel 

modeling sub-committee report [4]. A path-loss decay exponent 

of two was assumed for the simulations. All simulation results are 

averaged over at least 500 packets with a payload of 1 kB each. 

Note that the performance simulations incorporate losses due to 

front-end filtering, clipping at the DAC, ADC degradation (4 bits 

for 110/200 Mb/s and 5 bits for 480 Mb/s), multipath, shadowing, 

packet acquisition, channel estimation, clock frequency mismatch 

( 20 ppm at the TX and RX), carrier offset recovery, carrier 

tracking, etc. 
 

The packet error rate (PER) performance in the CM3 channel 

environment is shown in Fig. 10 as a function of distance for an 

information data rate of 110 Mb/s. These plots correspond to the 

performance of the 90th best channel realization, i.e., the worst 

10% channels are discarded. This implies that the performance of 

an actual multiband OFDM system will be better than what is 

illustrated in the plots for at least 90% of the channel realizations 

from each channel environment.  
Fig. 10 shows that the 128-point FFT and a 60.6-ns prefix is 

approximately 0.9 dB better than the 64-point FFT and 54.9-

ns prefix, and approximately 1.7 dB better than the 64-point 

FFT and 41.7-ns prefix. Thus, the optimal size for the FFT for 

the multiband OFDM system is 128 points, which provides an 

ex-cellent balance between performance and complexity. 
 

 

E. System Parameters 

 

The system parameters for the multiband OFDM solution 

are given in Table III. This system is capable of transmitting 

data at information data rates of 55, 80, 110, 160, 200, 320, 

and 480 Mb/s. This system employs an OFDM scheme with a 

total of 128 sub-carriers. Out of the 128 sub-carriers, only 122 

tones carry energy. Of the 122 sub-carriers, 100 are de-voted 

to data, 12 are assigned to pilot tones, and the remaining ten 

are guard tones. In addition, the 122 sub-carriers are modu-

lated using quadrature phase-shift keying (QPSK). By limiting 

the constellation size to QPSK, we can reduce the internal pre-

cision of the digital logic, specifically the inverse fast Fourier 

transform (IFFT) and FFT, and limit the precision of the 

ADCs and DACs. This helps to reduce the overall complexity 

of the system.  
Forward error correction codes in conjunction with either fre-

quency- or time-domain spreading are used to vary the informa-

tion data rate of the system. The coding rates required by the dif-

ferent information data rates are generated by puncturing an in- 

dustry standard ,  convolutional code with gen-  
erator polynomial , where  refers to the octal 

representation of the polynomial. The exact puncturing patterns to 

generate the various coding rates are specified in [10] and  
[11]. The frequency-domain spreading is obtained by forcing 

the input data into the IFFT to be conjugate symmetric. The 

ad-vantage of this type of spreading is that the output of the 

IFFT is always real; implying that only the real portion of the 

TX needs to be implemented. 
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                                                                              Fig. 9. Circuit-level simulations of the frequency-switching architecture.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. PER as a function of distance, and FFT size and prefix length for a 
data rate of 110 Mb/s. 

 

F. Prefix Length 
 

An OFDM system offers inherent robustness to multipath dis-

persion with a low-complexity RX. This property is a result of 

the addition of a CP. It can be shown that an RX using a CP 

forces the linear convolution with the channel impulse response 

to resemble a circular convolution [8]. A circular convolution in 

the time domain is equivalent to a multiplication operation in the 

discrete Fourier transform (DFT) domain. Hence, a single-tap 

frequency-domain equalizer is sufficient to undo the effect of the 

multipath channel on the transmitted signal.  
The length of the CP determines the amount of multipath 

energy captured. Multipath energy not captured during the CP 

window results in inter-carrier-interference (ICI). Therefore, 

the CP length needs to be chosen to minimize the impact due 

to ICI and maximize the collected multipath energy, while 

keeping the overhead due to the CP small.  
The UWB channel models are highly dispersive; a 4–10-m 

NLOS channel environment has an rms delay spread of 14 ns, 

while the worst case channel environment is expected to have an 

rms delay spread of 25 ns [4]. To illustrate the impact of CP 

length on system performance, the average captured energy for 

the 4–10-m NLOS channel environment, as well as the ICI in-

troduced by the multipath energy outside the CP window, is de-

picted in Fig. 11. In this figure, the ICI-to-signal ratio is shown at 

 

the input of the decoder and, hence, incorporates the 

processing gain that is expected for an information data rate of 

110 Mb/s. To capture sufficient multipath energy and 

minimize the impact of ICI for all channel environments, the 

CP duration was chosen to be 60.6 ns [13].  
Most conventional wireless OFDM-based systems use a CP 

to provide robustness against multipath. However, the same 

multipath robustness can be obtained by using a zero-padded 

(ZP) prefix instead of the CP [14]. The only modification that 

is required at the RX is to collect additional samples 

corresponding to the length of the prefix and to use an 

overlap-and-add method to obtain the circular convolution 

property.  
The advantage of using a ZP prefix is that power backoff at the 

TX can be avoided. When a CP is used, redundancy or structure 

is introduced into the transmitted signal. This correlation in the 

transmitted signal leads to ripples in the average PSD. Since the 

UWB emissions are limited by the FCC, any ripples in the PSD 

will require power back off at the TX. In fact, the amount of 

power backoff that is required is equal to the peak-to-average 

ratio of the PSD. For a multiband OFDM system, this power 

backoff could be as large as 1.5 dB, which would result in a 

lower overall range for the system.  
When a ZP prefix is used instead of the CP, the ripples in 

the PSD can be reduced to zero with enough averaging [14]. 

This is because the transmitted signal no longer has any 

structure; it is completely random. Fig. 12 illustrates the 

ripples in the PSD for a multiband OFDM system that uses a 

CP and ZP prefix. From this figure, it is clear that the ZP 

prefix will result in a PSD with zero ripples and, 

correspondingly, a zero power backoff at the TX, implying 

that the system will achieve the maximum range possible. 

 

G. Link Budget Analysis for an Additive White Gaussian 

Noise (AWGN) Channel 
 

Here, the link budget for a multiband OFDM system with 

data rates of 110, 200, and 480 Mb/s in an AWGN channel 

environ-ment is examined. As required by the IEEE 802.15.3a 

selection criteria, we have assumed an isotropic antenna (0-

dBi antenna gain) and path-loss exponent of two for the link 

budget calcu-lations. In addition, the path-loss values are 

based on the geo-metric mean of the lower and upper 

frequency values. The geo-metric mean provides a more 

reasonable value for the expected path loss in the system. 
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TABLE III 

MULTIBAND OFDM SYSTEM PARAMETERS  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 11. Captured multipath energy as a function of CP length for a 4–10-m Fig. 12. PSD plots for an MB-OFDM system using: (a) a CP and (b) ZP prefix. 

NLOS channel environment. 

 

For the RX noise figure referred to the antenna terminal 

component of the link budget, the primary sources for the noise 

figure are the LNA and mixer. In this analysis, the circuit 

impedance is assumed to be 50 . The voltage gain of the LNA is 

approximately 15 dB, while the voltage conversion gain of the 

mixer is approximately 10 dB. The total noise at the output  
of the LNA is 0.722  10  V Hz. This value includes the 

noise of the LNA and the input of resistor. The total noise 

referred to the output of the LNA including the referred mixer  
noise is  V Hz  V Hz   

V Hz, where the second term in the ad-dition is generated by 

the noise sources within the mixer.  
Thus,  the  overall  noise  figure  for  the  analog  front-end  is 

 
 dB. Including the losses associated with 

the pre-select filter (1.1 dB) and the transmit/receive switch 

(0.6 dB), the overall noise figure is 6.6 dB. Losses due to CP 

overhead, front-end filtering, clipping at the DAC, ADC 

degradation, channel estimation, clock frequency mismatch, 

carrier offset recovery, carrier tracking, etc. were included in 

the implementation loss component of the link budget. The 

implementation loss value used in the link budget was derived 

from the simulations results.  
The link budget, presented in Table IV, shows that there is an 

excess link margin of 6 dB for a multiband OFDM system oper-

ating at an information data rate of 110 Mb/s at 10 m. For a de-

vice operating at 200 Mb/s at 4 m, there is an excess link margin 

of 10.7 dB. While for a device transmitting data at 480 Mb/s at 
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TABLE IV 

LINK BUDGET ANALYSIS FOR AN AWGN CHANNEL  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2 m, there is an excess link margin of 12.2 dB. The RX sensi-

tivity for a system operating at 110, 200, and 480 Mb/s is 80.5,  
77.2, and 73.2 dBm, respectively.  

 
H. System Performance in Multipath Channel Environments 
 

The performance of the multiband OFDM system is eval-

uated in both AWGN and multipath channel environments 

specified by the 802.15.3a channel modeling sub-committee 

report. A path-loss decay exponent of two was assumed for all 

the four channel environments. All simulations results are 

averaged over at least 500 packets with a payload of 1 kB 

each. Note that the performance simulations incorporate 

losses due to front-end filtering, clipping at the DAC, ADC 

degradation (4 bit for 110/200 Mb/s and 5 bit for 480 Mb/s), 

multipath, shadowing, packet acquisition, channel estimation, 

clock frequency mismatch ( 20 ppm at the TX and RX), 

carrier offset recovery, carrier tracking, etc.  
The PER performance in an AWGN channel is shown in 

Fig. 13 as a function of distance and the information data rate. 

The PER performance for the 90th-percentile channel 

realization is illustrated in Figs. 14–17 as a function of 

distance for the four-channel environments CM1–CM4, 

respectively. These plots correspond to the performance of the 

90th best channel realization, i.e., the worst 10% channels are 

discarded. This implies that the performance of an actual 

multiband OFDM system will be better than what is illustrated 

in the plots for at least 90% of the channel realizations from 

each channel environment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 13. PER as a function of distance and data rate in an AWGN environment. 

 

Table V enumerates the achievable range that a multiband 

OFDM system can achieve in realistic multipath channel envi-

ronments with a 90% link success probability. The link 

success probability is defined as the percentage of channel 

realizations for which the system can successfully acquire and 

demodulate a packet with a PER of less than 8%.  
As the link success probability is dominated by shadowing and 

not by signal acquisition, the link success probability in an 

AWGN channel environment for the distance values listed in 
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Fig. 14. PER as a function of distance and data rate in a CM1 channel 
environment for the 90th-percentile channel realization.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 16. PER as a function of distance and data rate in a CM3 channel 
environment for the 90th-percentile channel realization.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 15. PER as a function of distance and data rate in a CM2 channel 
environment for the 90th-percentile channel realization. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 17. PER as a function of distance and data rate in a CM4 channel 
environment for the 90th-percentile channel realization. 

 

Table V is close to 100%. These results show that the multiband 

OFDM system can achieve a range of approximately 11 m in all 

multipath channel environments for an information data rate of 

110 Mb/s. Furthermore, the multiband OFDM system can sup-

port data rates of 200 and 480 Mb/s at a distance of 5–6.9 and 

2.6–2.9 m, respectively, in various multipath channel environ-

ments for a 90% link success probability.  
As the multiband OFDM system has been designed to be ro-

bust to multipath and with a sufficiently long prefix, the perfor-

mance is similar in the four channel environments. The small 

variations in performance are primarily due to the effect of shad-

owing that has been incorporated in the 100-channel realizations 

corresponding to each of the four-channel environments. 

 
I. Multiple Access and Performance in Presence of 

Other Piconets 
 

Another important design consideration for a UWB system is 

the performance of a UWB device in the presence of other UWB 

interferers. The performance is determined by the achievable 

 
signal-to-interference ratio (SIR). In this case, the SIR is given 

as  
 
 

 

where  is the power of the desired signal,  is the power of 

the interference,  is the information data rate, and  is the 

effective bandwidth of the transmitted signal. The first term in  
the above equation  provides an indication of the dis-tance 

separation between the UWB devices, whereas the second  
term in the above equation  , which is denoted as band-

width expansion factor, provides an indication of the processing 

gain available to suppress the interference. In the multiband 

OFDM system, the effective bandwidth is defined as follows:  
 
 

 

where  is the number of bands,  is the number of data 

tones, and  is the symbol duration.  
From the above equations, it is clear that one way to improve 

performance in the presence of UWB interference is to ensure 
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TABLE V 

RANGE AT WHICH THE PER FOR THE BEST 90% CHANNELS IS 8%  
 
 
 
 
 
 
 
 
 
 

 
TABLE VI 

TIME–FREQUENCY CODES FOR DIFFERENT PICONETS  
 
 
 
 
 

 
                     Fig. 18. Pictorial representation of bandwidth expansion. 

 

that there is a sufficient separation between the reference 

devices and the interfering devices. Unfortunately, in practical 

applica-tions it is impossible to constrain the distance between 

devices. The other approach is to try to make the bandwidth 

expansion factor as large as possible or, equivalently, the 

effective band-width as large as possible.  
There are several ways to achieve bandwidth expansion. 

The two most common and well-understood techniques are 

time-and frequency-domain spreading and coding. In addition, 

the multiband OFDM system uses the previously mentioned 

two ap-proaches and allows for a third and unique technique 

to be used to obtain bandwidth expansion: time–frequency 

interleaving. A pictorial representation of how the information 

data is expanded in bandwidth is shown in Fig. 18.  
Essentially, time–frequency codes specify the center fre-

quency for the transmission of each OFDM symbol.  
As stated in Section I, the requirement for a UWB system is 

to support up to four piconets, which may potentially overlap. 

Since the spreading and coding techniques are independent of 

the piconet, the only way to achieve separation between the 

piconets (or equivalently devices) is to specify four unique 

time–frequency codes. One of the primary goals in the design 

of the time–frequency codes is to ensure that the average 

number of collisions between any two time–frequency codes 

is 1/3. The other goal is to ensure that the distribution of 

collisions should be as uniform as possible for all possible 

shifts of the codes. Using these two guidelines, four time–

frequency codes, which are listed in Table VI, have been 

designed to have good collision properties for all possible 

asynchronous shifts among the piconets.  
Given these four time–frequency codes, the performance of the 

multiband OFDM system was evaluated in the presence of other 

UWB interferers. The performance simulations incorpo-rated 

losses due to front-end filtering, clipping at the DAC, ADC 

degradation (4 bits for 110 Mb/s), multipath, packet acquisi-tion, 

channel estimation, clock frequency mismatch ( 20 ppm at the 

TX and RX), carrier offset recovery, carrier tracking, etc. In these 

simulations, the shadowing component was removed 

 
 

TABLE VII 

PERFORMANCE IN THE PRESENCE OF UWB INTERFERERS AT A 

DATA RATE OF 110 Mb/s  
 
 
 
 
 
 
 
 
 

 
from both the reference and interfering links by normalizing each 

channel realization to unit multipath energy. To evaluate the 

performance in the presence of interferers, the test link is 

established such that the reference link is set at a distance of 

 of the 90% link success probability distance. The 

distance separation at which an interfering device can be tol-

erated is obtained by averaging the performance over all com-

binations of the reference link and interferer link channel re-

alizations for each channel environment, where the reference and 

interferer link channel realization are specified in [4] and 

[16]7 . The  values, where  is the distance between  
the reference RX device and the interfering device and  is 

the reference distance between the reference TX and RX, are 

tabulated in Table VII as a function of the multipath channel 

environments and the number of interfering devices for an in-

formation data rate of 110 Mb/s.  
These results show that a single interfering device can be 

brought within 3 m of the reference without causing any dis-

ruptions in the reference link. Naturally, as more interfering de-

vices are added to the scenario, the separation distance between 

the reference RX device and interfering device must also be in-

creased. These results were obtained by exploiting the time–fre-

quency codes as well as the time-domain spreading techniques 

and using symbol erasures when collisions are detected. More 

details about the RX technique can be found in [17]. 
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TABLE VIII 

POWER CONSUMPTION NUMBERS FOR A MULTIBAND OFDM SYSTEM  
 
 
 
 
 
 
 
 
 
 
 

 

J. Complexity and Power Consumption 
 

The total die size for the PHY solution is expected to be 

around 4.9 mm  , with 3.0 mm  for the component area of the 

analog/RF portion and 1.9 mm  for the digital portion. These es-

timates assume a 90-nm CMOS technology node. If a 130-nm 

CMOS technology node is assumed, the total die size of the PHY 

solution is expected to be around 7.1 mm  , with 3.3 mm  for the 

component area of the analog/RF portion and 3.8 mm  for the 

digital potion. The digital portion of the PHY is expected to 

require 295 kgates. The major external components that will be 

required by the complete solution (RF  PHY) are a pre-se-lect 

filter, balun, crystal oscillator, and voltage regulator.  
The multiband OFDM system is specifically designed to be a 

low-complexity CMOS-friendly solution. By limiting the con-

stellation to QPSK, the resolution of the DAC and ADC con-

verters, as well as the internal precision in the digital baseband, is 

lowered. The estimated power consumption of a multiband 

OFDM implementation as a function of data rate is enumerated in 

Table VIII. The power consumption calculations are provided for 

both a 90-nm CMOS technology node and a 130-nm CMOS 

technology node. In addition, for the 90/130-nm process node, a 

supply voltage of 1.5/1.8 V was assumed for the analog section of 

the PHY, except for the LNA where a 2-V supply was as-sumed. 

The digital section of the PHY requires a supply voltage of 

1.2/1.3 V (for the 90/130-nm process node) and a clock of 132 

MHz. Using these assumptions, the active power consump-tion 

for the transmit, receive, clear channel assessment (CCA), and 

power-save modes were calculated. 

 

V. CONCLUSIONS 
 

The FCC created a great opportunity in February 2002 when 

7500 MHz of spectrum was allocated for unlicensed use of com-

mercial UWB devices. The IEEE 802.15.3a task group has de-

veloped a channel model to estimate the performance of UWB 

systems in real-world environments. This has allowed designers 

to develop a specification, based on multiband OFDM, which 

meets the stringent market requirements: hundreds of megabits 

per second at low power and low cost. Several key organiza-tions 

(MBOA, WiMedia, Wireless USB) have selected this de-sign for 

their applications. OFDM already enjoys an outstanding record 

with other standards organizations, such as asymmetric digital 

subscriber line (ADSL), IEEE 802.11a, IEEE 802.11g, and IEEE 

802.16a. In addition, OFDM was adopted for dig-ital audio and  

 

 

 

 

 

 

 

 

 

 

 

 

terrestrial broadcast in both Europe and Japan. The choice by 

the UWB industry is based on the facts detailed in this paper that 

shows how multiband OFDM presents a very good technical 

solution for the diverse set of high-performance short-range 

applications that are eagerly anticipated by CE, PC, and 

mobile applications. 
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