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Introduction
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UWB = Ultra-WideBand

U.S. FCC definition:
Baseband bandwidth / RF center frequency ≧ 0.2
Or instantaneous signal bandwidth ≧ 500 MHz

Characteristics of UWB communications:
Ultra-wide available spectrum with strict power 
spectral mask
Bandwidth expansion schemes needed to spread 
power and take advantage of diversity
Spectral efficiency not so concerned
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Objective of UWB communications:
Communications at low cost and low power 
consumption

However, to process the ultra-wide signal 
bandwidth seems to contradict the low cost and 
low power consumption objective.

The problem:
How to effectively exploit the rich frequency 
diversity at low cost and low power consumption? 
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Receiver Under-Sampling
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Problem Solved?

Multiband OFDM UWB system
Frequency hopping scheme proposed by the TI alliance
Benefits:

Reduced instantaneous signal spectrum (528 MHz per hopped 
band) enables all-digital implementation.
Coding across multiple hopped bands can exploit the rich 
frequency diversity.

Drawbacks:
Additional cost on frequency synthesizers as well as frequency 
synchronization and tracking
528 MHz instantaneous signal bandwidth can still be tough for 
implementation but is a must to comply with the FCC regulation.
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DS-SS UWB system
Direct-sequence spread-spectrum scheme proposed by the 
Motorola alliance
Benefits:

Ultra-wide signal bandwidth (≧1.95 GHz) provides huge 
potential of frequency diversity.
Greater precision for position location

Drawbacks:
Rake receiver requires multiple fingers / RF chains, which could
complicate the receiver implementation.
All-digital implementation is even tougher while current 
adoption of the analog front-end increases manufacture difficulty.
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The problem is not yet solved.

Wide instantaneous signal bandwidths in the 
two 802.15.3a proposals (> 500 MHz) inherently 
lead to high cost and power consumption.

Bottleneck:
High rate ADC and Nyquist-rate processing
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Receiver Under-Sampling

What if [1]:
Keeping ultra-wide signal bandwidth
While under-sampling the received UWB signals

Benefits:
Ultra-wide signal bandwidth provides rich frequency 
diversity;
While reduced ADC sampling and baseband
processing rate can cut the device cost and power 
consumption.

[1] M.-C. Chiu, “Frequency-diversity OFDM for ultra-wideband systems with reduced-sampling-
rate receiver,” in Proc. ISITA04, Parma, Italy, Oct. 2004, pp. 212—217.
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System Model

Consider:
An OFDM UWB system 
Transmitter has           subcarriers and sampling 
interval                  with     as the OFDM symbol 
duration.
Quasi-static UWB FIR channel with    -taps, spaced by      

and denoted by                            and delay 
spread within the guard interval
Receiver filters the whole transmit bandwidth but 
then samples at only one  -th of the Nyquist rate, i.e., 
sampling interval          and under-sampling factor

Mt

MtK

L

T

h0, h1 . . . , hL−1,T/(MtK)

T/(MtK)

Mt.T/K
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Subcarrier index in an OFDM symbol; 
OFDM symbol index in a packet.

Baseband transmitted signal:

Baseband received signal: 

where         is a complex Gaussian random process 
with bandwidth        and 

k :

n :

zn(t)
MtK
2T

xn(t) =
PMtK−1

k=0 Xk[n] e
j 2πkt

T .

yn(t) =
PMtK−1

k=0 (Hk ·Xk[n]) ej 2πktT + zn(t)

Hk =
PL−1

l=0 hl e
−j 2πkl

MtK .



13

After under-sampling :

for

After size- DFT:

where                        and                           
are white complex Gaussian random variables.

m = 0, . . . , K − 1.

K

k = 0, . . . ,K − 1 {Zk[n] : k = 0, . . .K − 1, n ≥ 0}

yn(
mT
K
) =

PK−1
k=0

³PMt−1
i=0 Hk+iKXk+iK [n]

´
ej

2πkm
K + zn(

mT
K
)

Yk[n] =
PMt−1

i=0 Hk+iKXk+iK [n] + Zk[n]
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Visualization of frequency-domain effect of 
under-sampling:

K subcarriers

Mt ×K subcarriers

under-sampling
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Key analogy:
By treating

frequency subbands as       transmit antennas
subcarrier index as time index

the whole system can be analogized to a 
multiple-input single-output (MISO) system 
with       transmit antennas.

Frequency-domain aliasing phenomenon is 
transformed into transmit diversity.

Mt
Mt

Mt
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Theoretical Performance – Outage 
Probability

Some notations:  

average mutual 
information per receiver subcarrier in an OFDM symbol, 
which is a function of the random channel     Note that    
there are      OFDM symbols in a packet.

average information amount to be communicated 
per receiver subcarrier in an OFDM symbol.
nb =

h.

N

X[n] = (X0[n], . . . , XMtK−1[n])
T

Y [n] = (Y0[n], . . . , YK−1[n])
T

h = (h0, . . . , hL−1)
T

γb = Eb/N0.

I = 1/(NK) ·PN−1
n=0 I (X[n];Y [n] |h ) =
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Outage probability:
Definition:
Consider a coding scheme    . The outage probability 
is defined as the probability that the resulting average 
mutual information by      is less than the average 
information amount to be communicated, i.e., 

Outage probability can serve as the limiting codeword 
error rate.

Ψ

Ψ

P(IΨ < nb).
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By SVD argument:
Receiver full-sampling:

Receiver under-sampling without channel state 
information at transmitter (CSIT)

Receiver under-sampling with CSIT

I full-sampling
no CSIT

= 1
MtK

PMtK−1
k=0 log

¡
1 + nbγb|Hk|2

¢

I under-sampling
no CSIT

= 1
K

PK−1
k=0 log

³
1 + nbγb

M2
t

PMt−1
i=0 |Hk+iK |2

´

I under-sampling
CSIT

= 1
K

PK−1
k=0 log

³
1 + nbγb

Mt

PMt−1
i=0 |Hk+iK |2

´
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Numerical Example

Channel configuration:
CM1 channel model defined by the 802.15.3a task 
group
3.96 GHz center frequency
384 subcarriers in 1,584 MHz transmit bandwidth 

4.125 MHz subcarrier frequency spacing
10,000 channel realizations tested

-bit per receiver subcarrier in an OFDM symbol
and

nb = 1

(6, 64)(Mt, K) = (3, 128)
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Remarks:
When CSIT is not available, receiver under-sampling 
suffers SNR loss.
When CSIT is available, transmitter can direct power 
to “active” sub-channels and eliminate the penalty of 
over-spread transmit power.

Two on-going challenges:
How to approach the outage probability?
How to practically reduce the SNR loss?
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Application of Space-Time 
Codes
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Motivation

Recall the key analogy to MISO system:

We can apply space-time codes to approach the outage 
probability.

K subcarriers

Mt ×K subcarriers

under-sampling
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Space-Time Trellis Codes

Space-time trellis codes (STTCs):
Consider the encoder of     -PSK STTCs with     shift 
registers for OFDM UWB systems with       sub-bands.

The output at time epoch can be expressed as

where                                       and     denotes the input 
data bit at time     

M

Mt

v

t

gi,j ∈ {0, 1, . . . ,M − 1} ct

t.

xit =
vX
j=0

gi,jct−j mod M, i = 0, 1, . . . ,Mt − 1
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Remarks:
We consider a low-rate STTC communicating only 1-bit 
per subcarrier since power efficiency is more concerned 
than spectral efficiency here.
Conventional binding between the number of 
transmitted bits and the constellations size is removed.
For clarity, STTCs will be reported in the following 
generator matrix form:

G =

⎡⎢⎢⎢⎣
g0,0 g0,1 . . . g0,v
g1,0 g1,1 . . . g1,v
...

...
. . .

...
gMt−1,0 gMt−1,1 . . . gMt−1,v

⎤⎥⎥⎥⎦ .
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Design criteria for STTCs:
Assume ideal frequency interleaver

Adjacent subcarriers are uncorrelated.
Statistics along the subcarrier index resemble fast fading.

Design criteria for fast fading channels [2]:
Distance criterion:
Maximize symbol-wise hamming distance of codeword 
difference matrices.
Product criterion: 
Maximize product distance of codeword difference matrices.

[2] V. Tarokh, N. Seshadri, and A. R. Calderbank, “Space-time codes for high data rate wireless communication: 
Performance criterion and code construction,” IEEE Trans. Inform. Theory, vol. 44, pp. 744--765, Mar. 1998.
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Optimum STTCs:
Computer search procedure:

Distance criterion Product criterion
The optimum BPSK and QPSK STTCs for             Mt = 3:
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Simulation Results

Simulation configuration:
CM1 channel model
3.96 GHz center frequency
384 subcarriers in 1,584 MHz transmit bandwidth 

4.125 MHz subcarrier frequency spacing
-bit per receiver subcarrier in an OFDM symbol

OFDM UWB system with                and  
Optimum STTCs and H84 code
1,000 byte data per packet

nb = 1

Mt = 3K = 128
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H84 code [3]:

(8, 4) Hamming code

(Mt − 1) sets of interleavers to
maximize the diversity gain

[3] M.-C. Chiu, W.-D. Wu, and C.-C. Chao, “Frequency-diversity coded OFDM for ultra-
wideband systems with under-sampling-rate receivers,” to appear in Proc. ICC 2005.
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Remarks:
The performance improvement by increasing the 
memory order is substantial while that by expanding 
the constellation size is less pronounced.
The adopted STTCs all have smaller diversity order 
than H84 code while the optimized coding gain still 
dominates the performance.
It remains for further investigation to take the 
special correlation structure into consideration.
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Concatenated Coding 
Structure
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Motivation
When CSIT is available, the optimal coding 
structure that minimizes the outage probability  
is a concatenation of an inner “beamformer”
and an outer Gaussian codebook [4].
The concatenated coding structure can take 
advantage of the advanced channel codes.
Can this structure apply to our scenario without 
CSIT and non-OFDM types of UWB systems?

“Beamformer”Outer Channel Encoder

[4] E. Biglieri, G. Caire, and G. Taricco,“Limiting performance of block-fading channels with
multiple antennas,” IEEE Trans. Inform. Theory, vol. 47, pp. 1273—1289, May 2001.
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Concatenated Coding Structure without 
CSIT

Case study – repetition scheme:
Transmit signal:

Received signal:

The equivalent channel gain:

the transmit signal only experiences one under-
sampled channel sub-realization.

How to take advantage of other sub-realizations?

Xk[n] = XK+k[n] = . . . = X(Mt−1)K+k[n], k = 0, . . . ,K − 1

Yk[n] = Xk[n] ·
PMt−1

i=0 HiK+k + Zk[n], k = 0, . . . ,K − 1

PMt−1
i=0 HiK+k =

PbL/Mtc
l0=0 (Mt · hMtl0) e

−j 2πjl0
K
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Generic “beamformer”:
Transmit signal:
Data are first repeated to the       sub-bands and then 
weighted by

where    is the sub-band index.
Received signal:

Repetition scheme:                   for all          and   

Mt

i

W i
k[n] = 1 n.k, i,

©
W i
k[n] : k = 0, . . . ,Mt − 1, i = 0, . . . ,Mt − 1, n ∈ Z+

ª

Yk[n] = Xk[n] ·
PMt−1

i=0 W i
k[n]HiK+k + Zk[n], k = 0, . . . ,K − 1
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The inner “Fourier beamformer”:
Consider the following Fourier weights, i.e.,

Then

where                              
Implication:
All multipath diversity can be exploited through      
consecutive OFDM symbols.   

Mt

Mt−1X
i=0

W i
k[n]HiK+k = e

−j 2πk[n]Mt
MtK

b(L−[n]Mt/MtcX
l0=0

(Mt · hMtl0+[n]Mt
) e−j

2πjl0
K

[·]Mt
≡ · mod Mt.

W i
k[n] = exp{j 2πinMt

}.
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Time-domain implementation:
Key ideals:

Frequency-domain repetition can be accomplished by time-
domain up-sampling.
Phase rotations, i.e., the Fourier weights, can be 
implemated by time-domain delay.

Implication:
Receiver under-sampling can apply to non-OFDM UWB 
systems.

K-IFFT
(OFDM) Up-Sampling Delay DAC
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Outage Probability – Inner “Fourier  
Beamformer” without CSIT
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Remarks:
The outage probability of the proposed coding 
structure without CSIT is within 1 dB of the optimal 
one without CSIT.

However, the SNR loss due to under-sampling is still 
large. Can we further reduce the SNR loss?

Yes, consider the selective extension.



40

Selective Inner “Fourier Beamformer”

Key idea:
If receivers can inform the transmitter which 
sub-realization is best, transmitter can direct its 
power and achieve better link quality.
Procedure:
Receiver:

Transmitter:
for all n

n∗ = arg max
0≤n≤Mt−1

K−1X
k=0

log

⎛⎜⎝1+nbγb
¯̄̄̄
¯̄b(L−n)/MtcX

l=0

hMtl+ne
−j 2πklK

¯̄̄̄
¯̄
2
⎞⎟⎠

W i
k[n] = exp

µ
j
2πin∗
Mt

¶
,
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Outage Probability – Inner Selective 
“Fourier Beamformer”
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Remarks:
Significant improvement in outage performance is 
achieved, which is even more pronounced for larger 
under-sampling factors.

The SNR loss of the selective scheme is saturated for 
large      Mt.
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Simulation Results

Simulation configuration:
CM1 channel model
3.96 GHz center frequency
384 subcarriers in 1,584 MHz transmit bandwidth 

4.125 MHz subcarrier frequency spacing
-bit per receiver subcarrier in an OFDM symbol 

OFDM UWB system with                and 
QPSK + ½-LDPC for 3,072-bit codewords

nb = 1

Mt = 3K = 128
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Simulated Codeword Error Rate – Inner 
“Fourier Beamformer” without CSIT
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Simulated Codeword Error Rate – Inner 
Selective “Fourier Beamformer”
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Conclusion
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Summary

Why receiver under-sampling?
To reduce device cost and power consumption while 
retaining wide signal bandwidth, e.g., 
500 MHz in UWB systems.
Possible application:

Under-sampling:
• Reduced throughput
• SNR loss

Can require larger
transmit power from AP

But
• Reduced cost
• Reduced power 

consumption

Full-sampling:
• Higher cost
• Higher power 

consumption
But
• Huge frequency  diversity   
by UWB receive signal

Smaller transmit power
from handheld devices
Longer battery life

UWB signals
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Proposed coding schemes:
The application of STC is investigated and can 
approach outage probability at the expense of larger 
decoding complexity.

A concatenated coding structure is also proposed and 
achieves many favorable merits, e.g., ability to 
incorporate advanced channel codes and apply to 
non-OFDM UWB systems. Moreover, its selective 
extension can practically bound the SNR loss.
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A Dual Application

We have considered:

Is it beneficial?

Yes, in terms of reduced power spectral density
and improved diversity gain.

Wideband signal
Wideband processing

Wideband signal
Narrowband processing

Wideband signal
Narrowband processing

Narrowband signal
Narrowband processing
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Numerical Example

Channel configuration:
CM1 channel model
3.96 GHz Center frequency
4.125 MHz subcarrier frequency spacing 
10,000 realizations tested

-bit per receiver subcarrier in an OFDM symbol
Various number of transmit subcarriers for full-
sampled systems; while constant 384 transmit 
subcarriers for under-sampled ones.

nb = 1
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Further Research

Systematic coding-gain maximization for space-
time codes and its application to UWB systems 
with under-sampled receivers

Exploit the channel structure for UWB 
communications with under-sampled receivers

Unified coding structure for UWB systems with 
under-sampled receivers
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