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Modeling and Transceiver Design for
Asymmetric UWB Links with Heterogeneous Nodes

Huilin Xu, Student Member, IEEE, and Liuqing Yang, Senior Member, IEEE

Abstract—In recent years, Ultra-Wideband (UWB) technology
has emerged as a promising physical layer candidate for a
wide range of wireless networks, especially due to its low
operation power level and coexistence ability with traditional
wireless systems. However, none of these physical layer real-
izations has specified the compatible operation among them
(see, e.g., [1], [15], [24]). Therefore, the effective interoperability
between asymmetric UWB transceivers needs to be considered for
ubiquitous wireless communications. In this paper, we investigate
the transceiver design for asymmetric UWB links with a single
transmitter and a single receiver. We consider factors that can
lead to the asymmetry between UWB transmitters and receivers
such as different numbers of signal bands and different pulse
rates. Our analysis reveals the similarity between the asymmetric
UWB links and the conventional multiantenna systems. Then,
MIMO signal processing approaches can be readily applied to
achieve the optimal design in terms of channel throughput or
bit error rate (BER). Analysis and simulations corroborate the
effectiveness of our transceiver designs.

Index Terms—Ultra-Wideband (UWB), multi-input multi-
output (MIMO), asymmetric link, multiband system.

I. INTRODUCTION

IN recent years, Ultra-Wideband (UWB) technology has
attracted increasing interests for its coexistence with current

wireless systems by accessing the unlicensed spectrum at an
extremely low power level. The huge bandwidth of UWB
can guarantee a large channel capacity without invoking high
transmit power. Due to these unique features, UWB has been
proposed as the physical layer realization for various networks,
including both the high data rate1 and low data rate wireless
personal area networks (WPANs) (see, e.g., [1], [9], [24]), the
wireless body area networks (WBANs) (see, e.g., [15]) and
the wireless sensor networks (WSNs) (see, e.g., [21], [36]).
As these systems can provide various services, heterogene-
ity emerges among network nodes either inside a network
or among different ones. To realize the seamless network
operation, transceiver design needs to take into account the
heterogeneity among these nodes.
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Heterogeneity has been investigated for the higher layer
issues including scheduling, polling and routing, etc., for
the UWB-based or general wireless networks (see, e.g., [3],
[17], [37]). In this paper, we focus on the physical layer
heterogeneity of the asymmetric UWB links. For UWB links,
heterogeneity and asymmetry can be induced by the different
numbers of signal bands for multiband operation, different
pulse rates or different pulse shapers, between the transmitter
and the receiver. Here, we are more interested in the first
two factors, i.e., the number of signal bands and the pulse
rate, because these factors usually determine the complexity
of the device. Generally, nodes of high complexity can provide
high data rate services such as the multimedia data transfer
which needs more power and computational resources. Nodes
of low complexity are typically small and rely on limited
battery power, such as wireless sensors. Besides these, some
researchers have also considered the complexity-performance
tradeoff of UWB transceivers by choosing different ADC
resolutions (see e.g., [4], [12], [28]). However, since the
ADC resolution does not affect our system modeling and the
transceiver design, here we will not discuss this issue.

In this paper, we investigate the transceiver design for the
asymmetric UWB link with a single transmitter and a single
receiver. We first introduce the general transceiver model that
allows for the information exchange on multiple bands at
variable pulse repetition rates. By varying the band number or
the pulse rate, the complexity level and accordingly the data
rate of the link can be changed. Analyzing this mathematical
model, we find that the asymmetric link can be represented
by a multi-input multi-output (MIMO) system model which
has originally been proposed and investigated for the multiple
Tx- and Rx-antenna systems. The similarity between the
asymmetric links and the multiantenna systems reveals that the
structure asymmetry of these UWB transceivers is essentially
equivalent to the spatial asymmetry of multiantenna systems.
As far as we know, we are among the first to observe and
exploit the similarity between these two types of asymmetric
systems (see, e.g., [33], [35]).

Once the asymmetric UWB link is modeled as a MIMO
system, we can apply existing multiantenna communication
techniques to our UWB transceiver design for better per-
formance or lower complexity. This is very attractive since
many multiantenna techniques are available in the literature
which are optimal in terms of system throughput, error rate
or complexity, etc (see, e.g., [22], [25], [26], [34]). Then, we
will show how these techniques can be integrated into our
asymmetric link model. It should be noted that the MIMO
modeling actually allows us to exploit the multipath diversity
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Fig. 1. UWB transmitter and receiver diagrams.

of the UWB channel in very flexible manners. In addition, by
changing the parameters of our design, the MIMO modeling
also enables the convenient rate-diversity tradeoff. Our analy-
ses, together with the simulations, confirm the feasibility and
effectiveness of the modeling and transceiver design for the
asymmetric UWB link.
Notation: gcd{} denotes the greatest common divisor of
integers; ⌈⋅⌉ and ⌊⋅⌋ stand for integer ceiling and floor op-
erations, respectively; ⊗ denotes the Kronecker product; we
use boldface upper/lower-case letters for matrices/vectors; 𝑰𝑁

denotes the 𝑁 ×𝑁 identity matrix, and 𝑭𝑁 the 𝑁 ×𝑁 FFT
matrix; 𝑭𝑁,0:𝑀 captures the first (𝑀 + 1) columns of 𝑭𝑁 ;
(⋅)𝑇 and (⋅)ℋ stand for transpose and Hermitian operations,
respectively.

II. TRANSCEIVER STRUCTURES

Fig. 1 shows the UWB transmitter and receiver structures
used in this paper. Note that our transceiver does not necessar-
ily represent any specific one utilized by existing standards,
but combines functions of an array of transceivers into one
framework. Both the transmitter and receiver can incorporate
multiband operation.

At the transmitter, 𝐵𝑡 parallel data streams {𝑣(𝑛; 𝑏)}𝐵𝑡−1
𝑏=0

are modulated on the unit-energy pulse shaper 𝑝𝑡(𝑡) with the
duration of 𝑇𝑡, the bandwidth of which is approximately 1/𝑇𝑡.
With a pulse rate of 1/(𝑁𝑡𝑇𝑡) and 𝑁𝑡 being an integer, the 𝐵𝑡

data modulated pulse trains are fanned out simultaneously on
𝐵𝑡 bands {𝑓𝑐+𝑓𝑡(𝑏)}𝐵𝑡−1

𝑏=0 , with 𝑓𝑐 being the center frequency
of the first signal band and 𝑓𝑡(𝑏) = 𝑏/𝑇𝑡, 𝑏 ∈ [0, 𝐵𝑡 − 1]. The
transmitted signal is then given by:

𝑣(𝑡) =

𝐵𝑡−1∑
𝑏=0

∞∑
𝑛=0

𝑣(𝑛; 𝑏)𝑝𝑡(𝑡− 𝑛𝑁𝑡𝑇𝑡) exp(𝚥2𝜋(𝑓𝑐 + 𝑓𝑡(𝑏))𝑡) .

(1)
At the receiver, the received waveform 𝑟(𝑡) is carrier

demodulated into 𝐵𝑟 signal bands by multiplying it with
𝑒−𝚥2𝜋(𝑓𝑐+𝑓𝑟(𝑏))𝑡, 𝑏 ∈ [0, 𝐵𝑟 − 1], and then sampled by
a correlator with the template 𝑝𝑟(𝑡) at intervals of 𝑁𝑟𝑇𝑟,

with the width of 𝑝𝑟(𝑡) being 𝑇𝑟 and 𝑁𝑟 being an integer.
We can then obtain 𝐵𝑟 discrete-time data streams 𝑥(𝑛; 𝑏),
𝑏 ∈ [0, 𝐵𝑟 − 1]

𝑥(𝑛; 𝑏) =

∫ (𝑛𝑁𝑟+1)𝑇𝑟

𝑛𝑁𝑟𝑇𝑟

𝑟(𝑡) exp(−𝚥2𝜋(𝑓𝑐 + 𝑓𝑟(𝑏))𝑡)

× 𝑝𝑟(𝑡)𝑑𝑡 , 𝑏 ∈ [0, 𝐵𝑟 − 1] ,

(2)

where 𝑓𝑟(𝑏) = 𝑏/𝑇𝑟, 𝑏 ∈ [0, 𝐵𝑟 − 1]. The receiver could
be different from the transmitter in terms of the pulse width,
pulse rate or band number, which will result in the asymmetry
between the transmitter and the receiver.

The multiband operation at the receiver was actually in-
spired by the idea of the “channelized UWB receiver” (see,
e.g., [7], [20], [31]). Since the bandwidth of UWB signals is
very large, it is not desirable to sample the received signal
at the Nyquist rate with a single ADC. In order to solve
this problem, the channelized receiver analyzes the received
waveform into several narrower subbands and samples each
subband with a much lower rate ADC. Then, the multiple
digital signal streams are synthesized in the digital domain to
reconstruct the digitalized version of the original waveform.
Similarly, the limited DAC rate could be a hurdle to the
digital UWB transmitter when the signal bandwidth is huge.
To address this problem, we propose to process the subband
digital streams with low-rate DAC’s and then synthesize the
resultant subband waveforms in analog domain. In this sense,
the proposed multiband transmitter can be regarded as the
counterpart of the channelized receiver. By this means, the
all-digital UWB receiver proposed in [19] can hopefully be
realized at a relatively low complexity level.

At our receiver, mixers and correlator-based samplers act
as the bandpass filter bank and the Nyquist rate samplers
in the channelized UWB receiver. Unlike the channelized
UWB receiver, the oversampling or Nyquist sampling is not
required by our receiver. As a result, the complexity can be
reduced by our receiver with acceptable performance loss (see,
e.g., [11]). When 𝐵𝑡 > 1, our transmitter can be regarded
as the channelized UWB transmitter. With the pulse rate
of 1/(𝑁𝑡𝑇𝑡), the same information transmission rate can be
achieved as the single-band UWB transmitter with a higher
pulse rate 𝐵/(𝑁𝑡𝑇𝑡). Notice that the drawback of multiband
operation of both our transceiver and the channelized UWB
receiver (see, e.g., [7], [20]) is that the frequency skew needs
to be tracked and calibrated for all frequency generators.

III. MODELING OF THE ASYMMETRIC UWB LINK

In the preceding section, we have introduced the structure
of the UWB transceiver that forms the asymmetric UWB
link. Heterogeneity and asymmetry can emerge when the
transmitter and the receiver have different system parameters,
especially when one node uses multiple bands while the other
one uses a single band. Generally, the multiple frequency
generators of the multiband node requires higher hardware
cost than the single-band node. Therefore, the single-band
node is more suitable for the low-complexity and small-sized
device, such as the wireless sensor. In the following part of this
section, we will investigate the input-output (I/O) relationship
of the asymmetric link and establish a feasible model for
information transmission.
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A. Multiband Transmitter and Single-Band Receiver

First, let us consider a scenario where the transmitter
operates with 𝐵𝑡 > 1 signal bands and pulse rate 1/(𝑁𝑡𝑇𝑡),
and the receiver operates with a single band and pulse rate
1/(𝑁𝑟𝑇𝑟). As described in section II, the bandwidth occupied
by the transmitted signal is approximately 𝐵𝑡/𝑇𝑡, and the
bandwidth captured by the receiver is approximately 1/𝑇𝑟. In
order to access the same bandwidth at both the transmitter and
the receiver, we require their pulse width to satisfy 𝑇𝑡 = 𝐵𝑡𝑇𝑟.

Given the channel impulse response (CIR) ℎ(𝑡), the received
waveform can be expressed as 𝑟(𝑡) = 𝑣(𝑡) ∗ ℎ(𝑡) + 𝑛(𝑡), with
𝑛(𝑡) being the additive noise. Carrier demodulating 𝑟(𝑡) by
multiplying it with exp(−𝚥2𝜋𝑓𝑐𝑡), we have

𝑥(𝑡) =

𝐵𝑡−1∑
𝑏=0

∞∑
𝑛=0

𝑣(𝑛; 𝑏)𝑝(𝑡 − 𝑛𝑁𝑡𝑇𝑡; 𝑏) + 𝜂(𝑡) , (3)

where 𝑝(𝑡; 𝑏) = exp(𝚥2𝜋𝑓𝑡(𝑏)𝑡)
∫

𝑝𝑡(𝑡 − 𝜏) exp(−𝚥2𝜋(𝑓𝑐 +
𝑓𝑡(𝑏))𝜏)ℎ(𝜏)𝑑𝜏 can be regarded as the equivalent pulse shaper
on the 𝑏th band and 𝜂(𝑡) is the filtered noise. To establish
Eq. (3), we used the fact that exp(𝚥2𝜋𝑓𝑡(𝑏)𝑁𝑡𝑇𝑡) = 1. The
continuous-time signal 𝑥(𝑡) is sampled by the correlator 𝑝𝑟(𝑡)
at intervals of 𝑁𝑟𝑇𝑟 to generate the discrete-time sequence

𝑥(𝑘) =

𝐵𝑡−1∑
𝑏=0

∞∑
𝑛=0

𝑣(𝑛; 𝑏)𝑅𝑡,𝑟(𝑘𝑁𝑟𝑇𝑟−𝑛𝑁𝑡𝑇𝑡; 𝑏)+𝜂(𝑘) , (4)

where 𝑅𝑡,𝑟(𝑡) =
∫

𝑝𝑡(𝑡 + 𝜏)𝑝𝑟(𝜏)𝑑𝜏 .
In Eq. (4), the signal sequence 𝑥(𝑘) is the superposition

of 𝐵𝑡 data streams riding on the 𝐵𝑡 signal bands. However,
even for each band, the equivalent discrete time channel may
be time-varying because the transmitter pulse interval could be
different from that of the receiver (𝑁𝑟𝑇𝑟 ∕= 𝑁𝑡𝑇𝑡), and Eq. (4)
can not be expressed as the convolution of signal sequences.
Generally, 𝑁𝑟𝑇𝑟 and 𝑁𝑡𝑇𝑡 may not divide each other and

𝑁𝑡𝑇𝑡

𝑁𝑟𝑇𝑟
=

𝐵𝑡𝑁𝑡

𝑁𝑟
=

�̃�𝑡

�̃�𝑟

, (5)

where �̃�𝑡 = 𝐵𝑡𝑁𝑡/gcd{𝐵𝑡𝑁𝑡, 𝑁𝑟} and �̃�𝑟 =
𝑁𝑟/gcd{𝐵𝑡𝑁𝑡, 𝑁𝑟}.

With Eq. (5), we can factorize the indices of the transmitted
and received samples by 𝑘 = 𝑚�̃�𝑡 + 𝑞, 𝑞 ∈ [0, �̃�𝑡 − 1],
𝑛 = 𝑔�̃�𝑟 + 𝑑, 𝑑 ∈ [0, �̃�𝑟 − 1]. Then, we have [c.f. (4)]

�̃�(𝑚; 𝑞) =

𝐵𝑡−1∑
𝑏=0

�̃�𝑟−1∑
𝑑=0

∞∑
𝑔=0

𝑣(𝑔; 𝑑, 𝑏)𝑅𝑡,𝑟

(
𝑚�̃�𝑡𝑁𝑟𝑇𝑟

−𝑔�̃�𝑟𝑁𝑡𝑇𝑡 + 𝑞𝑁𝑟𝑇𝑟 − 𝑑𝑁𝑡𝑇𝑡; 𝑏
)

+ 𝜂(𝑚; 𝑞) ,

(6)

where �̃�(𝑚; 𝑞) = 𝑥(𝑚�̃�𝑡 + 𝑞), 𝜂(𝑚; 𝑞) = 𝜂(𝑚�̃�𝑡 + 𝑞)
and 𝑣(𝑔; 𝑑, 𝑏) = 𝑣(𝑔�̃�𝑟 + 𝑑; 𝑏). Defining ℎ̃(𝑙; 𝑞, 𝑑, 𝑏) =
𝑅𝑡,𝑟(𝑙�̃�𝑟𝑁𝑡𝑇𝑡 + 𝑞𝑁𝑟𝑇𝑟 − 𝑑𝑁𝑡𝑇𝑡; 𝑏) as the amplitude of the
discrete-time equivalent channel taps, we have the following
I/O relationship

𝑥(𝑚; 𝑞) =

𝐵𝑡−1∑
𝑏=0

�̃�𝑟−1∑
𝑑=0

∞∑
𝑔=0

𝑣(𝑔; 𝑑, 𝑏)ℎ̃ (𝑚 − 𝑔; 𝑞, 𝑑, 𝑏)

+ 𝜂(𝑚; 𝑞) , 𝑞 ∈ [0, �̃�𝑡 − 1].

(7)

In deriving Eq. (7), we used the relationship �̃�𝑡𝑁𝑟𝑇𝑟 =
�̃�𝑟𝑁𝑡𝑇𝑡. If the (𝑑, 𝑏) pair is mapped to a single index 𝑝 by
𝑝 = 𝑑 + 𝑏�̃�𝑟, we can rewrite Eq. (7) as

�̃�(𝑚; 𝑞) =

𝐵𝑡�̃�𝑟−1∑
𝑝=0

∞∑
𝑔=0

𝑣(𝑔; 𝑝)ℎ̃ (𝑚 − 𝑔; 𝑞, 𝑝) + 𝜂(𝑚; 𝑞) ,

𝑞 ∈ [0, �̃�𝑡 − 1] ,

(8)

where 𝑣(𝑔; 𝑝) = 𝑣(𝑔; 𝑑, 𝑏) and ℎ̃(𝑚 − 𝑔; 𝑞, 𝑝) = ℎ̃(𝑚 −
𝑔; 𝑞, 𝑑, 𝑏).

Eq. (8) indicates that when 𝐵𝑡�̃�𝑟 data streams 𝑣(𝑛; 𝑝),
𝑝 ∈ [0, 𝐵𝑡�̃�𝑟 − 1] are transmitted, �̃�𝑡 data streams 𝑥(𝑛; 𝑞),
𝑞 ∈ [0, �̃�𝑡−1] will be received at the receiver. This relationship
constitutes a MIMO system with 𝐵𝑡�̃�𝑟 input ports and �̃�𝑡

output ports, which has also been utilized for multiantenna
systems. The minimum interval for Eq. (8) to hold is �̃�𝑟𝑁𝑡𝑇𝑡,
during which only one symbol is transmitted through each
subchannel of the equivalent MIMO system. For multiantenna
systems, the MIMO model captures the spatial characteristic
by deploying multiple Tx- and Rx-antennas. While, for asym-
metric UWB links, the MIMO model reflects the transceiver
asymmetry due to the different band numbers and different
sampling rates. In addition, when the transmitter and the
receiver both use a single band, the asymmetric link becomes
a multirate system which has been well investigated in the
multirate signal processing area (see, e.g., [5]).

There are benefits when we use Eq. (8) to model the
asymmetric UWB link. First, although the real channel is
time-invariant, the overall discrete time channel 𝑅𝑡,𝑟(⋅) is
time-varying, due to the asymmetry between the transmitter
and the receiver. However, the equivalent channel for each
subchannel remains time-invariant, which makes the subse-
quent signal processing more convenient. More importantly,
after the conversion to the MIMO model, existing system
design methods for multiantenna systems can be applied to
optimize the asymmetric UWB link in terms of throughput,
error performance or complexity (see, e.g., [22], [25], [26],
[34]).

Based on the preceding discussions, we have the following
result

Proposition 1 For the asymmetric UWB link consisting of
single-antenna transceivers illustrated in Fig. 1, when the
transmitter operates with 𝐵𝑡 bands and pulse rate of
1/(𝑁𝑡𝑇𝑡), and the receiver operates with a single band
and pulse rate of 1/(𝑁𝑟𝑇𝑟), the system can be modeled
and optimally designed as a MIMO system corresponding
to the multiantenna system with 𝐵𝑡�̃�𝑟 Tx-antennas and �̃�𝑡

Rx-antennas, with �̃�𝑡 = 𝐵𝑡𝑁𝑡/gcd{𝐵𝑡𝑁𝑡, 𝑁𝑟} and �̃�𝑟 =
𝑁𝑟/gcd{𝐵𝑡𝑁𝑡, 𝑁𝑟}.

B. Single-Band Transmitter and Multiband Receiver

Next, let us investigate the modeling of the asymmetric
UWB link where the transmitter operates with a single band
and the receiver captures the received signal over 𝐵𝑟 bands. As
stated in the preceding section, the receiver can be regarded
as another type of the channelized UWB receiver proposed
in [7], [20]. Suppose that the pulse rate of the transmitter is
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1/(𝑁𝑡𝑇𝑡) and the sampling rate at the receiver is 1/(𝑁𝑟𝑇𝑟),
with 𝑇𝑡 and 𝑇𝑟 being the width of the pulse shapers at the
transmitter and receiver, respectively. We choose 𝑇𝑟 = 𝐵𝑟𝑇𝑡

such that the transmitter and receiver can access the same
bandwidth.

Following the multiband transmitter to single-band receiver
case, we can derive the equivalent MIMO system model for
the single-band transmitter and multiband receiver link.

Proposition 2 For the asymmetric UWB link consisting of
single-antenna transceivers illustrated in Fig. 1, when the
transmitter operates with a single band and pulse rate of
1/(𝑁𝑡𝑇𝑡), and the receiver operates with 𝐵𝑟 bands and pulse
rate of 1/(𝑁𝑟𝑇𝑟), the system can be modeled and optimally
designed as a MIMO model corresponding to the multiantenna
system with �̃�𝑟 Tx-antennas and 𝐵𝑟�̃�𝑡 Rx-antennas, with
�̃�𝑡 = 𝑁𝑡/gcd{𝑁𝑡, 𝐵𝑟𝑁𝑟} and �̃�𝑟 = 𝐵𝑟𝑁𝑟/gcd{𝑁𝑡, 𝐵𝑟𝑁𝑟}.

C. Special Cases

It has been shown that the asymmetric UWB link can be
converted to an equivalent MIMO system model. By selecting
some special values of the band number, the Tx pulse rate and
the Rx pulse rate, we can realize the conversion with simpler
models including both the multiple-input and single-output
(MISO) and the single-input and multiple-output (SIMO)
models. In particular, a MISO system model with 𝑀 input
ports can be realized by setting 𝐵𝑡 = 1, 𝐵𝑟 = 1 and
𝑁𝑡/𝑁𝑟 = 1/𝑀 , and a SIMO system with 𝑀 output ports
can be realized by setting 𝐵𝑡 = 1, 𝐵𝑟 = 1 and 𝑁𝑡/𝑁𝑟 = 𝑀 ,
with 𝑀 being an integer. If both the transmitter and receiver
operate with a single band and the Tx pulse rate is equal to
the Rx sample rate, i.e. 𝑇𝑟 = 𝑇𝑡 and 𝑁𝑟 = 𝑁𝑡, the UWB
link becomes symmetric and can be modeled by the normal
single-input and single-output (SISO) model.

IV. BLOCK TRANSMISSION

In Eq. (8), the minimum time interval for the MIMO
model to hold is 𝑇𝑠 := �̃�𝑟𝑁𝑡𝑇𝑡 = �̃�𝑡𝑁𝑟𝑇𝑟, during which
only one symbol is transmitted over each of the equivalent
subchannels. Hence, in a block-by-block transmission and
processing of information symbols, the block size should be
integer multiples of 𝑇𝑠.

A. Multiband Transmitter and Single-Band Receiver

Let us consider the block transmission where during each
transmission period, 𝑁𝑠 information symbols are transmit-
ted over each subchannel of the equivalent MIMO system.
During the 𝑛th transmission period [𝑛𝑁𝑠𝑇𝑠, (𝑛 + 1)𝑁𝑠𝑇𝑠),
the transmitted symbols are 𝒗(𝑛; 𝑝) = [𝑣(𝑛𝑁𝑠; 𝑝), 𝑣(𝑛𝑁𝑠 +
1; 𝑝), . . . , 𝑣((𝑛 + 1)𝑁𝑠 − 1; 𝑝)]𝑇 , 𝑝 ∈ [0, 𝐵𝑡�̃�𝑟 − 1], and
the received signals are 𝒙(𝑛; 𝑞) = [�̃�(𝑛𝑁𝑠; 𝑞), 𝑥(𝑛𝑁𝑠 +
1; 𝑞), . . . , �̃�((𝑛 + 1)𝑁𝑠 − 1; 𝑞)]𝑇 , 𝑞 ∈ [0, �̃�𝑡 − 1]. The block
transmission can then be expressed in matrix form as [c.f. (8)]

�̃�(𝑛; 𝑞) =

𝐵𝑡�̃�𝑟−1∑
𝑝=0

[
𝑯(𝑞, 𝑝)𝒗(𝑛; 𝑝) + �̆�(𝑞, 𝑝)

× 𝒗(𝑛 − 1; 𝑝)] + 𝜼(𝑛; 𝑞) , 𝑞 ∈ [0, �̃�𝑡 − 1] ,

(9)

where 𝑯(𝑞, 𝑝) and �̆�(𝑞, 𝑝) are 𝑁𝑠 × 𝑁𝑠 lower and upper
triangular Toeplitz matrices, and 𝜼(𝑛; 𝑞) is the associated noise
vector. In Eq. (9), terms inside the square bracket constitute
the block-by-block I/O relationship for a single Tx- and Rx-
antenna system, with 𝒗(𝑛 − 1; 𝑝) reflecting the inter-block-
interference (IBI) induced by the channel multipath effect (see,
e.g., [32]). With (𝑞, 𝑝) varying in the ranges of 𝑞 ∈ [0, �̃�𝑡−1]
and 𝑝 ∈ [0, 𝐵𝑡�̃�𝑟−1], Eq. (9) represents the MIMO block-by-
block I/O model of the asymmetric UWB link, and 𝑯(𝑞, 𝑝)
as well as �̆�(𝑞, 𝑝) corresponds to the equivalent subchannel
between the 𝑝th input port and 𝑞th output port of the MIMO
model.

With the MIMO representation of Eq. (9), we can easily
adopt existing multiantenna techniques for the optimal design
of the asymmetric UWB link. However, in Eq. (9), neither the
transmitted nor the received signal is arranged in the order in
which they are transmitted or received. In order to complete
the Tx and Rx processing, we need to know the relationship
between Eq. (9) and the “real” system I/O relationship given
as follows

𝒙(𝑛) = 퓗𝒗(𝑛) + 퓗̆𝒗(𝑛 − 1) + 𝜼(𝑛) , (10)

where 𝒙(𝑛) and 𝒗(𝑛) are arranged in the order in which they
are transmitted or received;퓗 and 퓗̆ are two 𝑁𝑠�̃�𝑡×𝑁𝑠𝐵𝑡�̃�𝑟

channel matrices. We term Eq. (10) as the SISO representation
of the asymmetric UWB link consisting of a single Tx-
antenna and a single Rx-antenna. Because the discrete time
channel in Eq. (4) is time-varying, 퓗 and 퓗̆ are not Toeplitz
matrices, which is the essential difference between the MIMO
representation (9) and the SISO representation (10).

In order to establish the relationship between Eqs. (9)
and (10), we first rewrite the MIMO representation Eq. (9)
with a single channel matrix of larger dimension. Stack-
ing the transmitted and the received signals into vectors
𝒗(𝑛) = [𝒗𝑇 (𝑛; 0),𝒗𝑇 (𝑛; 1), . . . ,𝒗𝑇 (𝑛; 𝐵𝑡�̃�𝑟 − 1)]𝑇 and
�̃�(𝑛) = [�̃�𝑇 (𝑛; 0), �̃�𝑇 (𝑛; 1), . . . , �̃�𝑇 (𝑛; �̃�𝑡 − 1)]𝑇 , we can
rewrite Eq. (9) as

�̃�(𝑛) = 𝑯𝒗(𝑛) + �̆�𝒗(𝑛 − 1) + 𝜼(𝑛) , (11)

where 𝜼(𝑛) is the noise vector associated with �̃�(𝑛). The
channel matrix 𝑯 collects the channel information of all �̃�𝑡×
𝐵𝑡�̃�𝑟 subchannels of the MIMO model as

𝑯=

⎡
⎢⎢⎢⎣

𝑯(0, 0) 𝑯(0, 1) ⋅ ⋅ ⋅ 𝑯(0, 𝐵𝑡�̃�𝑟 − 1)

𝑯(1, 0) 𝑯(1, 1) ⋅ ⋅ ⋅ 𝑯(1, 𝐵𝑡�̃�𝑟 − 1)
...

...
. . .

...
𝑯(�̃�𝑡−1, 0) 𝑯(�̃�𝑡−1, 1) ⋅ ⋅ ⋅ 𝑯(�̃�𝑡−1, 𝐵𝑡�̃�𝑟−1)

⎤
⎥⎥⎥⎦

and �̆� has the same size and structure as 𝑯 , but with 𝑯(𝑞, 𝑝)
replaced by �̆�(𝑞, 𝑝), 𝑝 ∈ [0, 𝐵𝑡�̃�𝑟 − 1], 𝑞 ∈ [0, �̃�𝑡 − 1].

In the Appendix, we will derive the relationship between
the MIMO and SISO representations: 𝒗(𝑛) = 𝑷 𝑡𝒗(𝑛),
𝒙(𝑛) = 𝑷 𝑟�̃�(𝑛), 𝑯 = 𝑷 𝑇

𝑟 퓗𝑷 𝑡 and �̆� = 𝑷 𝑇
𝑟 퓗̆𝑷 𝑡,

with 𝑷 𝑡 and 𝑷 𝑟 being the Tx and Rx permutation matrices,
respectively. Examples of 퓗 and 𝑯 are shown in Fig. 2 and
Fig. 3. We notice that after the permutation operation, the
equivalent channel matrix 퓗 has a block-wise square and
Toeplitz structure.

Combining Eqs. (10) and (11), we have the following result:
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Fig. 2. Example of 퓗 with �̃�𝑡 = 2, �̃�𝑟 = 3 and 𝐵𝑡 = 2.

Fig. 3. Example of 𝑯 with �̃�𝑡 = 2, �̃�𝑟 = 3 and 𝐵𝑡 = 2.

Proposition 3 For the asymmetric UWB link captured by an
equivalent 𝐵𝑡�̃�𝑟 × �̃�𝑡 MIMO model, the channel matrices 퓗
and 퓗̆ can be converted into (𝑁𝑠�̃�𝑡)×(𝑁𝑠𝐵𝑡�̃�𝑟) block-wise
Toeplitz matrices as follows:

𝑯 = 𝑷 𝑇
𝑟 퓗𝑷 𝑡, �̆� = 𝑷 𝑇

𝑟 퓗̆𝑷 𝑡 , (12)

where the permutation matrices 𝑷 𝑡 and 𝑷 𝑟 are defined in
the Appendix. The resulting channel matrices 퓗 and 퓗̆ both
consist of 𝐵𝑡�̃�𝑡�̃�𝑟 blocks, with their corresponding (𝑞, 𝑝)th
blocks being 𝑁𝑠 × 𝑁𝑠 lower and upper triangular Toeplitz
matrices generated by the subchannel between the 𝑝th input
port and the 𝑞th output port of the MIMO model.

Proposition 3 indicates that, by simply employing two
permutation operators at the transmitter and receiver, the time-
varying discrete-time channel turns into a MIMO frequency-
selective channel with 𝐵𝑡�̃�𝑟 input ports and �̃�𝑡 output ports.
It is worth mentioning that the permutation 𝑷 𝑡 and 𝑷 𝑇

𝑟 can
be easily implemented with interleavers 𝜋{𝑁𝑠, 𝐵𝑡�̃�𝑟} and
𝜋{�̃�𝑡, 𝑁𝑠}, respectively.

B. Single-Band Transmitter and Multiband Receiver

For this case, we consider a block transmission during
which the number of symbols transmitted through each sub-
channel is 𝑁𝑠. Following the previous subsection, we can also
establish the MIMO and SISO representations as Eqs. (10) and
(11) for the asymmetric UWB link composed of the single-
band transmitter and the multiband receiver. Similarly, we have
the following result:

Proposition 4 For the asymmetric UWB link captured by an
equivalent MIMO system with �̃�𝑟 input ports and 𝐵𝑟�̃�𝑡 output
ports, the channel matrices 퓗′ and 퓗̆′

can be converted into
(𝑁𝑠𝐵𝑟�̃�𝑡)× (𝑁𝑠�̃�𝑟) block-wise Toeplitz matrices as follows:

𝑯 ′ = 𝑷 ′𝑇
𝑟 퓗′𝑷 ′

𝑡, �̆�
′
= 𝑷 ′𝑇

𝑟 퓗̆𝑷 ′
𝑡 , (13)

where 𝑷 ′
𝑡 and 𝑷 ′

𝑟 are the Tx and Rx permutation matrices.
The resulting channel matrices 𝑯 ′ and �̆�

′
in the MIMO

representation both consist of �̃�𝑡𝐵𝑟�̃�𝑟 blocks, with their
corresponding (𝑞, 𝑝)th blocks being 𝑁𝑠×𝑁𝑠 lower and upper
triangular Toeplitz matrices generated by the subchannel
between the 𝑝th input port and the 𝑞th output port of the
MIMO model, 𝑝 ∈ [0, �̃�𝑟 − 1], 𝑞 ∈ [0, 𝐵𝑟�̃�𝑡 − 1]. It can be
readily proved that 𝑷 𝑡 = 𝑷 𝑟

′, 𝑷 𝑟 = 𝑷 𝑡
′.

V. EQUALIZATION AND MIMO SIGNAL PROCESSING

In preceding sections, we have seen that the asymmetric
UWB link can be represented by a MIMO model. As a
result, the time-varying multipath channel can be converted
into a group of time-invariant subchannels of the equivalent
MIMO system. Therefore, the asymmetric UWB transceiver
design problem amounts to the transmission of information
through the multipath MIMO channel. Next, we will give
an example of integrating existing MIMO techniques for
multipath channels into our transceiver design. We will show
that the rich multipath diversity in UWB can be harvested in
much more flexible ways other than the widely adopted Rake
receiver.

Several MIMO communication techniques have been pro-
posed in the multipath channel, such as the generalized de-
lay diversity code (GDD)[10], Lindskog-Paulraj scheme [16]
and MIMO with orthogonal frequency division multiplexing
(MIMO-OFDM) (see, e.g., [14], [18], [27]), etc. Generally,
channel equalizers can be realized in two manners: the time
domain equalizer (TDE) such as the maximum-likelihood
sequence estimator (MLSE), and the frequency domain equal-
izer (FDE) including OFDM and the single-carrier frequency
domain equalizer (SC-FDE). Same as the SISO system [6], by
using the fast Fourier transform (FFT), FDE of MIMO signals
[14], [18], [27] can be realized at a complexity much lower
than that of TDE [10], [16]. For this reason, in recent years,
almost all multipath channel MIMO techniques are based on
the OFDM framework.

With OFDM, the multipath channel can be converted into
a group of flat fading subchannels each corresponding to an
OFDM subcarrier. Then, MIMO technique is independently
applied to each subcarrier. There are generally two types
of MIMO techniques: space-time coding (STC) which can
improve the error performance by exploiting the diversity
gain, and the spatial multiplexing that aims at throughput
enhancement. In this paper, we will use STC-based MIMO-
OFDM as an example of our transceiver design. Its validity
can be further verified by comparing the diversity gain with
different system parameters via simulations. Note that this di-
versity is actually due to the multipath effect which is different
from the multiantenna diversity exploited by the traditional
multiantenna system. Since people are quite familiar with the
MIMO-OFDM-based system, we will just briefly introduce
how to integrate it into our transceiver design.

A. Multiband Transmitter and Single-Band Receiver

In the 𝑛th transmission duration, at the 𝑝th input port
of the MIMO model, a block of 𝑁𝑐 information symbols
𝒔(𝑛; 𝑝) = [𝑠0(𝑛; 𝑝), 𝑠1(𝑛; 𝑝), . . . , 𝑠𝑁𝑐−1(𝑛; 𝑝)]𝑇 are mul-
ticarrier modulated on 𝑁𝑐 orthogonal digital subcarriers to
form �̃�(𝑛; 𝑝) = 𝑭ℋ𝒔(𝑛; 𝑝), where 𝑭 is the fast Fourier



XU and YANG: MODELING AND TRANSCEIVER DESIGN FOR ASYMMETRIC UWB LINKS WITH HETEROGENEOUS NODES 1839

TABLE I
MIMO MODEL OF UWB LINK WITH VARYING SYSTEM PARAMETERS

MIMO model 𝐵𝑡 𝐵𝑟 𝑇𝑡(ns) 𝑇𝑟(ns) 𝑁𝑡 𝑁𝑟 Data rate (Mbps)
1× 1 1 1 1 1 2 2 400
1× 2 1 2 1 2 2 1 400
2× 1 2 1 2 1 1 2 400
1× 2 1 1 1 1 2 1 400
2× 1 1 1 1 1 1 2 400
3× 1 3 1 3 1 1 3 266.7
3× 2 3 1 3 1 2 3 133.3
3× 1 1 1 1 1 1 3 266.7
3× 2 1 1 1 1 2 3 133.3

transform (FFT) matrix. By doing that, we actually partition
the frequency selective channel into 𝑁𝑐 frequency flat fading
subchannels. As a result, we have 𝑁𝑐 parallel independent
MIMO systems each based on one subcarrier.

For each subcarrier 𝑘 ∈ [0, 𝑁𝑐 − 1], the symbols 𝑠𝑘(𝑛; 𝑝)s,
𝑝 ∈ [0, 𝐵𝑡�̃�𝑟 − 1] are independently generated by the STC
encoder. The 𝑁𝑔 = (𝑁𝑠 − 𝑁𝑐) point guard interval (GI) in
the form of padding zeros (ZP) or cyclic prefix (CP) is added
to each block to mitigate the inter-symbol-interference (ISI).
If ZP is adopted, the symbol vector is generated by 𝒗(𝑛; 𝑝) =
𝑻𝑁𝑠,𝑁𝑔 �̃�(𝑛; 𝑝), with 𝑻𝑁𝑠,𝑁𝑔 = [𝑰𝑁𝑐 ,0𝑁𝑐×𝑁𝑔 ]

𝑇 being the
ZP-inserting matrix. Then, the resulting �̃�𝑟 ×𝐵𝑡 data streams
𝒗(𝑛; 𝑝)s are interleaved and transmitted from the antenna.

At the receiver, remove the GI of the received signal
vector at the 𝑞th output port of the MIMO model by mul-
tiplying 𝒙(𝑛; 𝑞) with the ZP-wrapping matrix 𝑹𝑁𝑠,𝑁𝑔 =
[𝑰𝑁𝑐 ,𝑻𝑁𝑐,𝑁𝑔 ]. The resulting signal vector is then multi-
carrier demodulated with FFT operation to generate se-
quence 𝒚(𝑛; 𝑞) = [𝑦0(𝑛; 𝑞), 𝑦1(𝑛; 𝑞), . . . , 𝑦𝑁𝑐(𝑛; 𝑞)]𝑇 =
𝑭𝑁𝑐𝑹𝑁𝑠,𝑁𝑔 �̃�(𝑛; 𝑞). With some coarse synchronization, it can
be easily shown that [c.f. (9)]

𝒚(𝑛; 𝑞) =

𝐵𝑡�̃�𝑟−1∑
𝑝=0

√
𝑁𝑐𝑫(𝑞, 𝑝)𝒔(𝑛; 𝑝) + 𝜻(𝑛; 𝑞) ,

𝑞 ∈ [0, �̃�𝑡 − 1] ,

(14)

where 𝑫(𝑞, 𝑝) is the 𝑁𝑐 × 𝑁𝑐 diagonal matrix with the
diagonal entries being the FFT coefficients of the discrete-time
channel between the 𝑝th input port and the 𝑞th output port, and
𝜻(𝑛; 𝑞) is the noise vector. For each subcarrier 𝑘 ∈ [0, 𝑁𝑐−1],
the received signals 𝑦𝑘(𝑛; 𝑞)s, 𝑞 ∈ [0, �̃�𝑡 − 1] are indepen-
dently STC decoded to obtain the decision statistics.

Stack 𝒔(𝑛; 𝑝)s and 𝒚(𝑛; 𝑞)s into vectors 𝒔(𝑛) =
[𝒔𝑇 (𝑛; 0), 𝒔𝑇 (𝑛; 1, 0), . . . , 𝒔𝑇 (𝑛; 𝐵𝑡�̃�𝑟 − 1)]𝑇 and 𝒚(𝑛) =
[𝒚𝑇 (𝑛; 0),𝒚𝑇 (𝑛; 1), . . . ,𝒚𝑇 (𝑛; �̃�𝑡 − 1)]𝑇 . Using Proposition
3, we have the Tx and Rx processing for the MIMO-OFDM-
based transceiver

𝒗(𝑛) = 𝑷 𝑡

(
𝑰�̃�𝑟𝐵𝑡

⊗ 𝑻𝑁𝑠,𝑁𝑔

) (
𝑰�̃�𝑟𝐵𝑡

⊗ 𝑭ℋ
𝑁𝑐

)
𝒔(𝑛)

𝒚(𝑛) =
(
𝑰�̃�𝑡

⊗ 𝑭𝑁𝑐

) (
𝑰�̃�𝑡

⊗𝑹𝑁𝑠,𝑁𝑔

)
𝑷 𝑇

𝑟 𝒙(𝑛)
. (15)

B. Single-Band Transmitter and Multiband Receiver

Similar to the preceding subsection, the MIMO-OFDM
transmission can also be realized for the single-band trans-
mitter and multiband receiver link. The required Tx and Rx
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Fig. 4. BER performance for asymmetric UWB links for fixed data rate.

processing is given by

𝒗(𝑛) =𝑷 ′
𝑡

(
𝑰�̃�𝑟

⊗ 𝑻𝑁𝑠,𝑁𝑔

)(
𝑰�̃�𝑟

⊗ 𝑭ℋ
𝑁𝑐

)
𝒔(𝑛)

𝒚(𝑛)=
(
𝑰�̃�𝑡𝐵𝑟

⊗ 𝑭𝑁𝑐

) (
𝑰�̃�𝑡𝐵𝑟

⊗𝑹𝑀𝑒,𝐿𝑒

)
𝑷 ′𝑇

𝑟 𝒙(𝑛)
. (16)

VI. SIMULATIONS

In this section, the transceiver design of asymmetric UWB
links will be evaluated via simulations. We use the second-
order derivative Gaussian pulse with varying pulse width as
the pulse shaper. Simulations are carried out in the IEEE
802.15.3a line-of-sight (LoS) office channel model (CM1) in
[8] with a maximum delay spread of about 60ns. In order to
avoid the ISI, we use a total of 60ns padding zeros. Length of
each signal block is 300ns including ZP. STC techniques are
adopted to exploit the diversity which is equal to the product
of the input and output port numbers, i.e., the subchannel
number of the MIMO system (see, e.g., [13], [29]). It should
be noted that the diversity gain exploited here is essentially the
channel multipath diversity instead of the multiantenna diver-
sity of the conventional multiantenna system. By altering the
system parameters including (𝐵𝑡, 𝑁𝑡, 𝑇𝑡) and (𝐵𝑟, 𝑁𝑟, 𝑇𝑟),
we can obtain a MIMO system with various structures. All
parameter combinations in our simulations together with their
corresponding link data rates are shown in table I.

First, we compare the BER performance of different scenar-
ios when the data rate is fixed (see Fig. 4). Alamouti code [2]
is adopted for the 2×1 MIMO model and the maximum ratio
combining (MRC) is used for the 1×2 one. As a performance
benchmark, we also include the BER curve of the SISO model.
Given that the duration of each BPSK symbol block is 300ns,
all three links can achieve a transmission rate of 400Mbps. Fig.
4 shows that with a larger subchannel number, the equivalent
1×2 SIMO and 2×1 MISO models outperform the SISO one
in terms of diversity gain, which is shown by their larger slopes
of the BER curves. This subchannel number versus diversity
gain relationship has been observed in multiantenna-based
MIMO systems (see, e.g., [23]). The SIMO link outperforms
the MISO link in terms of coding gain, which is defined as the
horizontal shift of the BER curves with the same coding gain.
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Fig. 5. BER performance for asymmetric UWB links for fixed data rate.
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Fig. 6. BER performance for asymmetric UWB links with OSTBC.

This implies that increasing the complexity of the receiver
can improve the BER performance, which has been seen in
multiantenna systems too (see, e.g., [23]).

In Fig. 5, the same system models are realized as those in
Fig. 4 but with a single band at both the transmitter and the
receiver. Same as Fig. 4, Alamouti code and MRC are used
for the 2 × 1 and 1 × 2 systems, respectively. Similar results
can be obtained in all three cases. It is interesting to notice
that when MIMO model is established by frequency domain
asymmetry (Fig. 4), i.e., with different numbers of bands at
the transmitter and the receiver, the diversity gain is slightly
smaller than that when the MIMO relationship is realized by
the unequal pulse rates of single-band transceivers (Fig. 5).
This is because for the latter case, subchannels are independent
since multipaths of the real channel are independent. However,
for the former case, subchannels are correlated because the fre-
quency response of the real channel is correlated in frequency
domain. As the subchannel dependency induces diversity loss
(see, e.g., [30]), systems in Fig. 5 will outperform those of
Fig. 4 in terms of diversity gain.
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Fig. 7. BER performance for asymmetric UWB links with OSTBC.

In Figs. 6 and 7, we compare the performance of the more
general asymmetric UWB links. Orthogonal space-time block
codes (OSTBC) are used to exploit the diversity provided by
the random channel. OSTBC guarantees that the detection of
different symbols can be decoupled, and at the same time
the full diversity order can be achieved (see, e.g., [13], [29])
which is equal to subchannel number. From the figures, we can
see that the diversity order of the asymmetric link increases
as the subchannel number increases. Notice that the data
rate decreases as the diversity gain increases. This implies
that our transceiver design enables a convenient rate-diversity
tradeoff for the single Tx-antenna and single Rx-antenna link.
In addition, similar to Figs. 4 and 5, due to the subchannel
dependency, the coding gain of the link between a single-band
node and a multiband node is lower than that of the link only
consisting of single-band nodes.

VII. CONCLUSIONS

In this paper, we established the general UWB transceiver
model for asymmetric UWB links. It turns out that the
asymmetric UWB link can be modeled as a MIMO system,
which allows us to exploit the multipath diversity of the single
Tx-antenna and single Rx-antenna system in a very flexible
manner. Based on these results, we use OFDM-UWB as an
example to show how to integrate MIMO signal processing
into our transceiver design. Analysis and simulation results
confirm that our transceiver design can enable flexible col-
lection of the rich multipath diversity, as well as facilitate
convenient rate-diversity tradeoff of the system.

APPENDIX I: DERIVATION OF PROPOSITION 3

The signal vectors 𝒗(𝑛) and 𝒙(𝑛) have the same elements
as 𝒗(𝑛) and �̃�(𝑛) but arranged in a different order. Therefore,
𝒗(𝑛) and �̃�(𝑛) can be obtained from 𝒗(𝑛) and 𝒙(𝑛) using the
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𝑁𝑠�̃�𝑟𝐵𝑡 ×𝑁𝑠�̃�𝑟𝐵𝑡 and 𝑁𝑠�̃�𝑡 ×𝑁𝑠�̃�𝑡 permutation matrices

𝑷 𝑡 = 𝑰𝐵𝑡 ⊗ [𝒆1, 𝒆�̃�𝑟+1, . . . , 𝒆(𝑁𝑠−1)�̃�𝑟+1, 𝒆2, 𝒆�̃�𝑟+2, . . . ,

𝒆(𝑁𝑠−1)�̃�𝑟+2, . . . , 𝒆�̃�𝑟
, 𝒆2�̃�𝑟

, . . . , 𝒆𝑁𝑠�̃�𝑟
]

𝑷 𝑟 = [𝒆1, 𝒆�̃�𝑡+1, . . . , 𝒆(𝑁𝑠−1)�̃�𝑡+1, 𝒆2, 𝒆�̃�𝑡+2, . . . ,

𝒆(𝑁𝑠−1)�̃�𝑡+2, . . . , 𝒆�̃�𝑡
, 𝒆2�̃�𝑡

, . . . , 𝒆𝑁𝑠�̃�𝑡
]

by
𝒙(𝑛) = 𝑷 𝑟�̃�(𝑛) , 𝒗(𝑛) = 𝑷 𝑡𝒗(𝑛) . (17)

These relationships imply that [c.f. (10)] 𝑷 𝑟�̃�(𝑛) =
퓗𝑷 𝑡𝒗(𝑛)+퓗̆𝑷 𝑡𝒗(𝑛−1)+𝜼(𝑛). As the permutation matrix
is orthogonal, we can rewrite this equation as

�̃�(𝑛) = 𝑷 𝑇
𝑟 퓗𝑷 𝑡𝒗(𝑛)+𝑷 𝑇

𝑟 퓗̆𝑷 𝑡𝒗(𝑛−1)+𝑷𝑇
𝑟 𝜼(𝑛) . (18)

Comparing Eq. (18) with the MIMO representation (11),
we obtain the relationships of channel matrices between the
MIMO and SISO representations as

𝑯 = 𝑷 𝑇
𝑟 퓗𝑷 𝑡 , �̆� = 𝑷 𝑇

𝑟 퓗̆𝑷 𝑡 . (19)
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