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Abstract—This paper discusses the theory behind ultra-
wideband (UWB) transmit waveform design, and reports a proof-
of-concept UWB radio testbed with waveform level precoding.
Unlike a narrow-band channel, a UWB channel contains a large
number of resolved multipath components, which opens a door
for exploring new features offered by UWB. Waveform level
optimization is meaningful, but it is a great challenge to generate
an arbitrary waveform adapting to the channel condition at Giga
Hertz sampling frequency. Based on the channel impulse response
(CIR) estimation available in the transmitter, a desired waveform
is synthesized, aiming at performance maximization. Unique
design issues, implementation solutions and results are reported.
Using time reversal as an example, our demonstration has shown
3 to 4 dB gain over an ordinary single-carrier UWB system in
indoor non-line-of-sight (NLOS) propagation environments.

I. I NTRODUCTION

It has been well known that the channel state information
(CSI) is a valuable resource that can be utilized to greatly
boost communication system performance [1], [2]. There are
many ways to take advantage of the known CSI to optimize
the systems. When the CSI is available at the transmitter side,
precoding technique performed at the transmitter can improve
the system performance [2]–[4]. Of course, joint transmitter-
receiver (Tx-Rx) optimization would be the best solution in
terms of performance, at the cost of increased system com-
plexity. To date, most proposed joint Tx-Rx optimal schemes
consider symbol level optimization and flat fading scenarios.

In contrast to the narrow-band situation, the UWB channel
trends to be stable and its channel impulse response (CIR)
contains a large number of resolved multipath components,
especially in indoor environments [5]–[12], implying severe
frequency selectivity. As the channel turns to frequency se-
lective, there must be an optimum pair of transmit waveform
and receive filter such that the receive signal to interference
and noise ratio (SINR) reaches the maximum [13]. This
justifies why waveform level optimization is meaningful. In
time reversal scheme, a time-reversed waveform is used as
transmit waveform [11], [12], [14]–[16]. Time reversal is a
signal focusing technique that can turn multipath into benefit
and shift part of receiver complexity burden to the transmitter
side. Time reversal combined with antenna array results in a
unique spatial focusing feature, meaning that emitted energy
is concentrated to a desired location.

While promising, achieving arbitrary UWB waveforms is
still challenging at present. It is a great deal to generate an
arbitrary waveform adapting to the channel condition in real
time–Giga Hertz sampling frequency is required to accom-
modate a signal bandwidth no less than 500 MHz. Thanks

to recent advance of high speed electronic devices, such a
waveform generator has been implemented using a Xilinx
Virtex 5 FPGA chip followed by an off-the-shelf dual channel
high performance digital-to-analog converter (DAC).

Major work reported in the paper includes (1) the theoret-
ical background for the transmit waveform optimization, and
(2) providing solutions to unique design and implementation
problems.The rest part of this paper is organized as follows.
The theoretical background is introduced in the next section.
Unique system design issues are addressed in section III.
Reported in section IV is some implementation work, followed
by a few concluding remarks in section V.

II. UWB TAKING ADVANTAGE OF RICH SCATTERING

PROPAGATION

What makes UWB unique? It is the UWB channel. In time
domain, a UWB CIR typically contains a large number of
resolved multipath components. Speaking more technically,
the degrees of freedom (DoF) of a UWB channel is large.
According to an indoor UWB channel measurement campaign
reported in [17], for a UWB channel of 1-GHz bandwidth, the
channel covariance matrix contains tens of non-zero eigen-
values, and about 30 eigenmodes are required to represent
95% of the total energy. This implies that a single UWB
channel can support a large number of data streams in parallel.
Parallel transmission can be achieved in modal modulation,
where orthogonal eigenfunctions are employed to transmit
data streams in parallel. Another important feature is the
quasi-orthogonality between UWB CIRs measured at different
locations, which enables location sensitive applicationssuch
as spatial focusing and spatial division multiple access. In
general, waveform level processing is desired in exploring
potentials offered by UWB. There can be many waveform
optimization methods and criteria. For instance, water filling
is well known for maximizing information capacity. In this
paper, optimizatoin for maximum receive signal-to-noise ratio
(SNR) is considered in waveform design.

A. Time Reversal

Time reversal originates from underwater acoustic and ultra-
sound communications [14], and it has been extended to wire-
less applications recently [11], [12], [15], [16]. The original
motivation of time-reversal is to use the ocean as a correlator,
saving computation when the computing capabilities was very
limited in 1960’s. When time reversal is combined with multi-
ple transmit antennas, energy emitted from all the antennascan
be focused temporally and spatially [14]. This feature is known
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Fig. 1. MISO configuration.
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Fig. 2. Received waveform of4× 1 MISO time reversal.

as time reversal mirror (TMR) which has been applied in
imaging, killing cancers, as well as communications. Shownin
Fig.1 is a generalized waveform precoding system in multiple-
input-single-output (MISO) configuration, wherewi(t) is a
chip waveform (a symbol may contain multiple chips). To form
a TRM “beam”, simply setwi(t) = h∗

i (t), i = 1, 2, 3, · · · ,M .
An indoor 4 × 1 MISO experimental result measured at the
reference location is plotted in Fig.2, where a sharp peak
is observed in time domain. Such a peak only appears at
the desired location, and this is known as spatial focusing
phenomenon.

B. UWB Single-Input-Single-Output (SIMO) as Spatial Divi-
sion Multiple Access

A SIMO configuration is usually for broadcasting pur-
pose. However, the quasi-orthogonality between the CIRs
measured at different locations can be utilized to provide
location-based multiple access, which can be analogous to
code division multiple access (CDMA). Consider a SIMO
configuration shown in Fig.3, whereM users are deployed at
different locations,Si is an information symbol to transmit
to the useri, (Ŝ1, Ŝ2, · · · , ŜM )T is a linearly transformed
from (S,S2, · · · , SM )T , D is a M × M transform matrix,
w(t) = (w1(t), w2(t), w3(t), · · · , wM (t) )T is a column
vector consisting ofM waveforms,hi(t) is the i-the CIR,
andfi(t) is the receiver filter for useri:

fi(t)=h∗

i (T0 − t) ⊗ w∗

i (T0 − t), i = 1, 2, 3, · · · ,M. (1)

Now a problem raises: how to modulateSi’s and group them
at the transmitter, and filter out them at the receivers? Let
us start with a simple example of two users withx(t) =
S1w1(t)+S2w2(t). This setting tries to maximize the SNRs at
the receivers’s outputs. Denotez = (z1, z2)

T , S = (S1, S2)
T ,

Ŝ = DS,

gi,j =wj(t) ⊗ hi(t) ⊗ fi(t), i, j = 1, 2 (2)

and

G=

(

g1,1 g1,2

g2,1 g2,2

)

(3)

Omitting the noise terms, we have

z=GS (4)

Obviously, the system suffers from inter-user-interferences
(IUIs): g1,2S2 andg2,1S1. One simple way to eliminate the IUI
is to apply decorrelating at the transmitter. The decorrelating
matrix is given by

D =G−1 =

(

d1,1 d1,2

d2,1 d2,2

)

(5)

Thus the transmitted signal becomes

x̂(t)= Ŝ1w1(t) + Ŝ2w2(t)

= [d1,1S1 + d1,2S2]w1(t) + [d2,1S1 + d2,2S2]w2(t)(6)

Decorrelating is a single-user multiple access scheme and
is not optimal. Global optimum, i.e., multi-user detection, can
be considered, but the cost would increase exponentially as
the number of users increases.

C. Waveform Optimization for Energy Detection Receiver

We use a point-to-point scheme with energy detector re-
ceiver to explain how to apply optimization methods in
waveform design. Potential inter-chip-interference is ignored
to simplify analysis. The optimization goal is to maximize the
total received energy accumulated over an integration window
[t0, t0 + TI ]:

ER =

∫ t0+TI

t0

|w(t) ⊗ h(t)|2dt, (7)

where w(t) ⊗ h(t) is the received pure signal. Closed-form
optimal results are not easily obtainable thus we turn to use
a numerical approach. To formulate an optimization prob-
lem in numerical format, letw = (w1, w2, w3, · · · )

T and
h = (h1, h2, h3, · · · )

T be the discrete-time versions of the
transmit waveformw(t) and CIRh(t), respectively, assuming
Nyquist sampling rate or higher. The received pure signal
w(t) ⊗ h(t) can be represented in discrete-time asHw with
H being a Toeplitz matrix created fromh. Therefore, at the
targeted location, the received energyER can be expressed
as w

H
H

H
Hw, where the superscript represents Hermitian

transpose operation. Now the optimization problem can be
formulated as the Quadratic Constraint Quadratic Program
(QCQP) problem [18]:

max
w

w
H
H

H
Hw

s.t. w
H
w ≤ Pw

(8)
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Fig. 3. Analytical model of UWB spatial division multiple access with M users.

wherePw is the maximum waveform power. A QCQP problem
is known as a NP hard problem and semi-definitive program-
ming (SDP) can be used as a relaxation means to obtain a
suboptimal solution [19], [20]. LetW = ww

H , then the above
optimization can be translated into an SDP formulation:

max
W

trace(Hp0

H
Hp0

W)

s.t. w
H
w ≤ Pw

W ≻= 0

(9)

where notationW ≻= 0 means thatW is a semidefinitive
matrix. Let W∆ be the solution to the above SDP problem.
The dominated eigenvector ofW∆, denoted byw∆, is the
resultant transmit waveform (omit a scale). If the rank ofW

∆

is one, thenw∆ is actually the optimal solution to the original
optimization (QCQP) problem (8).

III. U NIQUE SYSTEM DESIGN ISSUES

A. Passband Waveform Precoding

A flexible way to generate passband signal is to use
a quadrature baseband waveform generator followed by an
quadrature up-converter (modulator). In this way, the spectral
shape can be easily controlled by changing the local oscilla-
tor’s frequency and the baseband waveform. Ifw(t) andh(t)
(both in complex format) are the baseband representations of
the transmit chip waveform and the CIR, respectively, then the
actual transmit chip waveform and the CIR can be expressed
as

w̃(t)=Re{w(t − ∆t)e−j(2πfct+θ)}, (10)

h̃(t)=Re{h(t)e−j2πfct}, (11)

wherefc is the center frequency;∆t and θ are an unknown
delay and an unknown carrier phase, both introduced by
circuits at the transmitter. Instead of estimatingh̃(t) at radio
frequency (RF), the goal of channel measurement is to obtain
an estimate ofh(t) at baseband. It can be proved that the
received chip waveform is given by

ỹ(t) = w̃(t) ⊗ h̃(t)

= Re{[
1

2
w(t − ∆t) ⊗ h(t)]e−j(2πfct+θ)}

= Re{y(t)e−j(2πfct+θ)}, (12)

where y(t) = 1
2w(t − ∆t) ⊗ h(t) ≈ 1

2w(t) ⊗ h(t) is
the baseband representation of the received chip waveform
without noise pollution. Similar to a narrow-band system, the
transmitter-receiver chain can be represented equivalently in

baseband. When multiple transmit antennas are employed at
the transmitter, each transmit RF chain introduces a different
delay and a different phase. Phase discrepancy across multiple
transmit chains is harmful to a TRM system since the individ-
ual signals arrived at the target cannot fully constructively add
up. Phase compensation can be made in transmitter baseband
after all relative phases are accurately measured.

B. Estimation of the Equivalent Filter Embedded in
Transmitter-Receiver Chain

Note thath(t) takes into account the impacts of propagation
channel and RF front-ends including antennas at both sides.
The equivalent baseband filter in the transmitter-receiverchain
has to be taken into account in order to have optimum
waveform design. The overall filter effect is contributed from
three sources: the DAC’s interpolating filter and RF front-
ends including antennas at both sides. Corresponding to the
three contributors, the equivalent filter in baseband format can
expressed as

F (t) = F0(t) ⊗ F1(t) ⊗ F2(t), (13)

whereF0(t) can be expressed using the interpolating filterp(t)

F0(t) = p(t) + j · p(t). (14)

According to our experiments on the implemented system,
the shape of the equivalent filter is basically governed by the
interpolating filter. Based on the DAC used in the testbed,p(t)
has been accurately measured andF0(t) has been used as an
estimate ofF (t) (omitted a scale).

IV. I MPLEMENTATION ASPECT

Shown in Fig.4 is the system architecture of the imple-
mented UWB radio testbed with transmit waveform program-
ming capability, where energy detector receiver is employed
to reflect our intention of simple receiver. Major parameters of
this testbed include: center frequency 4 GHz, 10-dB bandwidth
around 400-800 MHz, and chip rate 25 Mc/s.

A. Arbitrary Waveform Generator (AWG)

The AWG is a major function in the transmitter and im-
plemented in a field-programmable gate array (FPGA) board
followed by a quadrature DAC. It can generate virtually any
waveforms, which greatly leverages the system capability.The
quadrature AWG supports 8-bit quantization, 1-Gs/s sampling
rate and 160-ns waveform length. A key module in AWG is
a high-speed parallel to serial converter, which largely relaxes
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Fig. 4. Overall testbed architecture.

TABLE I
FPGA IMPLEMENTATION STATISTICS AT TRANSMITTER AND RECEIVER

Transmitter Receiver
Resources Usage Usage
Number of Slice Registers 5314 (18%) 4184 (14%)
Number of Slice LUTs 5019 (13%) 3088 (10%)
Number of occupied Slices 1719 (24%) 1713 (23%)
Number of bonded IOBs 40 (8%) 90 (25%)
Number of BlockRAM/FIFO 2 (3%) 1 (1%)
Number of BUFG/BUFGCTRLs 7 (21%) 10 (31%)
Number of DSP48Es NA 32 (66%)
Total equivalent gate count 275,214 195438

the clock rate requirement inside the FPGA chip. In this
design, rate conversion ratio is 1:8, and the sampling rate at
the input and the output of the converter are 125 Ms/s and 1
Gs/s, respectively.

B. FPGA Implementations

For FPGA implementation, meeting timing requirements
in speed-critical designs is always a challenge. In our case,
there are two critical paths in the transmitter: one is from
the data loading module to the waveform generator module
where huge parallel data streams exist, another critical path
is in the parallel to serial conversion module requiring high
clock rate. At the receiver side, the most critical path is from
the integration module to the synchronization module which
performs fast timing acquisition in a parallel fashion. Achiev-
ing clock-to-clock (global) timing for all internal signals in
a synchronous design may be easy, but this simple approach
will usually over-constrain the design and eventually leadto
a failure. Therefore, we have applied different constraints to
individual paths depending on their timing requirements. Table
I shows the FPGA resource usage based on a pair of Xilinx
Vitex-5 LXT FPGA chips.

V. CONCLUSION

The UWB channels have large DoF, and the quasi-
orthogonality between channels is held. These facts are unique

to UWB, and are fundamental for exploring location-sensitive
applications of UWB radio. Transmit waveform optimization
plays an important role in a joint Tx-Rx optimization frame-
work. From a practice perspective, we have demonstrated the
feasibility using a real-time UWB radio testbed. Taking a
time reversal waveform precoding as an example, 3 to 4 dB
gain contributed by time reversal precoding has been observed
in the scenario of UWB indoor non-line-of-sight (NLOS)
channels.
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