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ABSTRACT Transmitted reference pulse cluster (TRPC) signaling was recently proposed and developed
for noncoherent ultra-wideband (UWB) communications. In this paper, a practical passband TRPC-UWB
system is designed and analyzed to deal with the carrier frequency offset, phase offset, and phase noise
inherent in voltage-controlled oscillators (VCO) of the transmitter and the receiver. Based on a general
model of noisy VCO and employing some reasonable assumptions, an equivalent linear time-invariant
analytical model is obtained to facilitate the bit error rate (BER) analysis. Our analysis shows that the constant
carrier frequency offset and the phase offset can be removed by employing the passband transmitter and the
noncoherent receiver. Furthermore, a semi-analytical BER expression is derived to show the impact of phase
noise on the system error performance. Simulation results validate the semi-analytical expressions and both
of them indicate that TRPC is more robust to the effect of phase noise than the conventional transmitted
reference and coherent UWB Rake receivers.

INDEX TERMS Bit error rate (BER) performance, phase noise, transmitted reference pulse cluster (TRPC),
impulse radio, ultra-wideband (UWB).

I. INTRODUCTION
Since transmitted reference (TR) signaling was first
introduced to ultra-wideband (UWB) communications
in 2002 [1], [2], this technique has attracted considerable
interest due to its simplicity and robust performance as a
noncoherent impulse radio technology [3]–[9]. The autocor-
relation receiver (AcR) of a TR system does not need to do
explicit channel estimation, which is particularly challenging
for UWB channels, and only low sampling rate is used at
the analog output of AcR, avoiding the need for high rate
analog to digital conversion of a UWB signal. Presently, TR
in conjunction with AcR and binary pulse position modula-
tion (BPPM) signaling combined with energy detector (ED)
have become two popular noncoherent UWB systems [10].

One major challenge to the development of TR-UWB
systems is the need to implement long ultra-wideband delay
lines in AcR, which is not practically feasible [9], [11], [12].
Accordingly, a variety of approaches were proposed to
address this implementation issue from time, frequency, and

code domains, respectively [13]–[15]. Among them, the time-
domain solution [14] is referred to as transmitted reference
pulse cluster (TRPC) signaling, where compactly and uni-
formly placed multiple pulses forming a pulse cluster are
used and therefore only very short delay lines are required.
Moreover, TRPC exhibits significant advantages over the
original TR in terms of bit error rate (BER) performance
and data rate due to the compact pulse structure. Hence it
is a promising candidate for a wide range of impulse radio
applications.

Recently, the TRPC-UWB system was further developed
and improved from various practical aspects [16]–[28]. All
of these research results are focused on the so-called base-
band or carrierless TRPC-UWB, where the information-
bearing burst pulses are directly radiated at the transmit
antenna. Actually, most impulse radio systems studied in
the literature are carrierless because baseband or carrierless
transmission implies that an impulse radio may be manufac-
tured inexpensively [29].

14954
2169-3536 
 2018 IEEE. Translations and content mining are permitted for academic research only.

Personal use is also permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

VOLUME 6, 2018

https://orcid.org/0000-0002-7200-6685
https://orcid.org/0000-0001-7126-5602
https://orcid.org/0000-0003-3924-227X


Z. Liang et al.: Design and Analysis of Passband TRPC UWB Systems

However, the carrierless form that makes impulse radio
attractive also results in some design challenges. First of
all, judicious pulse shaping or designing algorithms need
to be developed to guarantee that the transmit spectra meet
Federal Communications Commission (FCC) spectral mask
constraints inside the frequency band of 3.1-10.6 GHz
assigned to UWB devices [30]. Although various useful
pulse shapes were proposed to satisfy the FCC require-
ments [31]–[33], most of them either have high implemen-
tation complexity, or lack the flexibility in power spectral
density (PSD) fitting processes, or are feasible only in theory
and yet to be demonstrated in practical applications for digital
circuitry implementation.

On the other hand, based on the FCC mask regulations,
the IEEE 802.15.4a standard allocates sixteen operating fre-
quency bands for its alternative UWB physical layer (PHY),
each of which (except band 0) occupies a bandwidth of at
least 499.2 MHz centered on a center frequency that ranges
from 3.5-10 GHz [34]. Hence, it indicates that carrier imple-
mentation can also be considered to provide the flexibility
of hopping among the defined operating frequency bands,
because this flexibility can enhance the coexistence of UWB
PHYs with other wireless devices operating in the same spec-
trum, and it can be helpful to increase the coordinated piconet
capabilities for simultaneously operating UWB piconets as
well.

Motivated by the discussions mentioned above, a passband
TRPC-UWB system is proposed in this paper aiming for
practical implementation of low cost, low power consumption
and low complexity systems. In the passband TRPC-UWB
system, the information-bearing baseband pulses that occupy
a bandwidth of about 500 MHz are up-converted to gigahertz
bands and transmitted through the antenna. Compared to
the carrier-free form, the passband TRPC-UWB can flexibly
switch its operating frequency band by simply changing the
carrier center frequency and with the same baseband pulse
shape.

In practice, voltage-controlled oscillators (VCO’s) are
essential building blocks for both wideband radar and carrier
communication systems. All practical oscillators have phase
noise components, and it is well known that phase noise
degrades the system performance severely if not dealt with
properly [35]–[39]. Moreover, the time-varying perturbation
effect of phase noise has been well investigated in exten-
sive literature on circuit theory, circuit systems and applica-
tions since 1960’s [36], [37], [40]–[45], where the Brownian
motion process has been accepted as a general model to
characterize and analyze the phase noise. Wiener or Brow-
nian motion process is the general model to describe the
phase noise of a free-running oscillator. In conventional
transceivers, relatively expensive phase locked loop (PLL)
frequency synthesizers are much more widely used than free-
running oscillators. The PLL noise is usually modeled as
a multidimensional Ornstein-Uhlenbeck process [46]. How-
ever, if the passband TRPC transceiver allows the use of
a simple, low cost free running VCO, the system cost will

be further reduced and this is significant for a general class
of applications with low-cost and low-power consumption.
Hence, only the Brownian motion process deriving from free-
running oscillators is considered in this paper.

To the best of our knowledge, a comprehensive and
detailed system performance analysis on phase noise is
not yet available for impulse radio in the literature so far.
This is partly because most impulse radios in the literature
consider ‘‘carrier-free’’. Even for other carrier-based UWB
systems, such as single carrier direct sequence (SC-DS-)
UWB and multiband orthogonal frequency division mul-
tiplexing (MB-OFDM-) UWB, only a few works were
reported [47], [48] and they were focused on some specifi-
cations for the implementation of CMOS transceivers based
on the measured phase noise profiles of VCO’s.

On the other hand, for conventional OFDM systems
in which phase noise causes common phase error and
intercarrier interference, performance analysis and phase
noise mitigation algorithms have been extensively investi-
gated [49]–[51]. Nevertheless, these results cannot be eas-
ily employed in impulse radios because of the significant
differences between impulse radio and conventional OFDM
systems.

Based on the widely-accepted model of noisy oscillator
reported in [36]–[38] and [40]–[45], our previous work [52]
analyzed the phase noise effect on the BER performance for
the TRPC-UWB system. However, it did not include carrier
frequency offset, which is a major practical issue if free-
running VCO’s are used. Hence, this paper presents a theo-
retical framework about the design and analysis of passband
TRPC-UWB systems in the presence of phase noise, carrier
frequency offset, and phase offset. In our analysis, the phase
noise is modeled as a Brownian motion process, and the
constant carrier frequency offset and phase offset between
the transmitter and the receiver are considered as uniformly
distributed random variables (r.v.’s).With the passband TRPC
transmitter and the noncoherent receiver structure, the deriva-
tion of the bit error rate (BER) performance is given in
detailed and it shows that the constant carrier frequency
offset and the phase offset can be cancelled. Moreover, this
paper presents a thorough comparison with the conventional
passband TR and the passband coherent Rake receiver on the
impact of phase noise. TRPC is shown to have superior robust
performance to phase noise.

The remainder of this paper is organized as follows.
Section II briefly describes the system models and assump-
tions for passband TRPC-UWB, including the general model
of noisy oscillator and some assumptions for performance
analysis. Section III presents an equivalent linear time
invariant (LTI) analytical model for passband TRPC-UWB
to facilitate the analysis and derives the semi-analytical BER
expression. Semi-analytical and simulation results are pre-
sented and discussed in Section IV. Finally, conclusions are
provided in Section V.

Throughout this paper (·)T and ⊗ denote transpose
and convolution, respectively. E{x} and Var{x} denote the
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FIGURE 1. Block diagram of the passband TRPC-UWB system.

mathematical expectation and the variance of r.v. x, respec-
tively. Cov{x, y} represents the covariance of two r.v.’s
x and y. sgn{x} represents the sign of a real variable x.

II. SYSTEM MODELS AND SYSTEM ASSUMPTIONS
We consider a passband TRPC-UWB transceiver that consists
of baseband signaling, upconversion, downconversion, and
baseband signal processing & detection blocks. Accordingly,
a block diagram of the passband TRPC-UWB transceiver is
presented in Fig. 1.

A. BASEBAND SIGNALING
For simplicity, we only consider the single-user scenario. For
each bipolar symbol bi ∈ {±1}

+∞

i=0 , a pulse pair composed of
a reference pulse and a data pulse with very short delay Td is
repeated uniformly every 2Td seconds. After pulse shaping,
the baseband TRPC signal for the i-th symbol can be written
as [14]

si(t) =

√
Eb
2Nf

sbi (t − iTs), (1)

where Eb is the average energy per symbol, Nf represents
the number of repeated pulse pairs per symbol, Ts denotes
the symbol duration, sbi (t) ,

∑Nf−1
m=0 [g(t − 2mTd ) + bi ·

g(t − (2m+ 1)Td )], where g(t) is the normalized baseband
pulse with duration Tp and with bandwidth B0 = 500 MHz.
Moreover, we let Td = Tp, which means a cluster is com-
posed of Nf identical baseband pulse pairs consecutively.
It is noted that besides the much smaller Td which indi-
cates a feasible delay line, another significant improvement
of TRPC over the original TR lies in the facts that 1) the
short integration interval due to the compact cluster structure
leads to much less noise collected by the autocorrelation
receiver than the original TR; 2) the asymptotic (N → ∞)
energy efficiency for data detection in TRPC can be twice
of that in the original TR, because only the energy in the
first reference pulse is not used in the data detection [14].
Although such a compact cluster structure also inevitably

results in considerable inter-pulse interference (IPI), it has
been demonstrated in [14] that the two benefits mentioned
above still significantly exceed the penalty caused by IPI.
Moreover, the impact of IPI can be successfully mitigated
via decision threshold optimization methods (more detailed
discussions can be found in [18]). For the sake of conciseness,
the subscript i in si(t), bi and sbi (t) will be omitted hereinafter.

B. CHANNEL MODEL
In this paper, only the phase noise caused by oscillators is
investigated. Therefore, instead of using the complex-valued
IEEE 802.15.4a channel model [53] in [52] where the random
phase perturbation caused by multipath propagation has been
considered, we just consider the IEEE 802.15.3a real-valued
multipath channel model [54], in which the general form of
channel impulse response can be written as

h(t) =
K−1∑
k=0

αkδ(t − τk ), (2)

where the real-valued parameters αk and τk denote the fad-
ing coefficient and delay of the k-th multipath component,
respectively. To facilitate the performance analysis, we con-
sider the following two important assumptions on the UWB
channel model:
Assumption I (Resolvable Dense Multipath Channel):

Actually, most analysis on UWB channels in the literature
assumes the minimum multipath separation is the UWB
pulse width, i.e., τk = kTp, to make the statistical anal-
ysis tractable [5], [7], [55], [56]. In this work, we assume
τk = kTc, where Tc , 1/fc and fc is the nominal center
frequency of the carrier. Since fc ranges from 3.5-10 GHz
for low and high frequency bands [34], Tc varies between
0.1 and 0.29 ns. However, for a baseband UWB pulse with
a bandwidth of about 500 MHz, Tp ≈ 2 ns. Hence, compared
to τk = kTp, τk = kTc corresponds to a much higher temporal
resolution for dense multipath channels.
Assumption II (Intersymbol Interference (ISI) Free

Scenario): Consider that the symbol duration Ts is larger
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than the maximum channel delay τmax plus the cluster
length 2Nf Td , and therefore there is no ISI. Such an assump-
tion is reasonable for low or medium date rate UWB systems.
For example, with a date rate of 1 Mbps (Ts = 103 ns),
Nf = 4 and Td = 2.02 ns, so that Ts ≥ 2Nf Td + τmax holds
for most IEEE 802.15.3a indoor channels [54].

C. UPCONVERSION AND DOWNCONVERSION
As shown in Fig. 1, at the transmitter, the baseband TRPC
signal s(t) is upconverted to in-phase (I) and quadrature (Q)
components by the cosine and sine carrier waveforms of the
VCO output, Itx(t) and Qtx(t), respectively. Then the sum of
I and Q components forms the combined passband TRPC
signal transmitted at the antenna. At the receiver, the received
signal r(t) is first downconverted by the local cosine and sine
carrier waveforms Irx(t) and Qrx(t), respectively, and then
after passing through two lowpass filters (LPFs), it results in
two baseband components rI (t) and rQ(t). In the ideal case,
Itx(t) and Irx(t) are the same and their output carrier fre-
quencies are exactly equal to fc, and so do Qtx(t) and Qrx(t).
However, VCO’s in practice always have frequency offset
from the nominal center frequency and time varying phase
noise. Moreover, there is also constant phase offset between
the free-running VCO’s of the transmitter and the receiver.

Therefore, based on a practical model of noisy
VCO [38], [43] (equivalent or more original models can also
be found in [36], [37], [40]–[42], [44], and [45]), Itx(t), Irx(t),
Qtx(t) and Qrx(t) can be modeled as follows:

Itx(t) = cos [2π fct + θtx(t)],

Qtx(t) = − sin [2π fct + θtx(t)],

Irx(t) = cos [2π (fc +1f )t + θrx(t)+ φ],

Qrx(t) = − sin [2π (fc +1f )t + θrx(t)+ φ], (3)

where 1f and φ denote the constant carrier frequency offset
and the initial phase difference between the two VCO’s of
the transmitter and the receiver, which can be considered
as two r.v.’s uniformly distributed over [−ξ,+ξ ] MHz and
[0, 2π ), respectively. Based on our hardware measurements,
the maximum magnitude of the relative constant carrier fre-
quency offset of free-running VCO’s is 1250 ppm for the case
that 3.5 ≤ fc ≤ 4 GHz. Accordingly, the maximum value
of the absolute constant carrier frequency offset, ξ , can be
obtained as 5 MHz in this paper. For local oscillators using
phase locked loop with VCO, the carrier frequency offset
is much smaller than that of the free-running VCO’s. Phase
noise terms θtx(t) and θrx(t) are two independent Brownian
motion processes, both of which are derived from the same
random process θ (t) expressed by [38]

θ (t) = 2π
∫ t

0
µ(τ )dτ (for t > 0), (4)

where µ(t) is a zero-mean white Gaussian noise process with
a two-sided PSD of N1 and therefore θ (t) can be considered
as zero-mean Gaussian process with variance [38]

Var[θ (t)] = (2π )2N1t = 2πβt, (5)

where β , 2πN1 is used to characterize the severeness of the
phase noise and it is also referred to as half-power or 3-dB
bandwidth of the noisy carrier, because the PSD of a noisy
cosine or sine carrier given by (3) has been shown to be a
Lorentzian spectrum with 3-dB bandwidth of 2πN1 [38].

Using (1) and (3), we can write the transmitted passband
TRPC signal as

sT (t) = s(t) cos [2π fct + θtx(t)]− s(t) sin [2π fct + θtx(t)].

(6)

From Fig. 1 and observing (6), it is noted that for the
I-Q upconversion employed in this paper the I and Q
components have the same input s(t). Therefore, the upcon-
verter can also be implemented by a single I-branch or
Q-branch because (6) can be rewritten as sT (t) =√
2s(t) cos [2π fct + θtx(t)+ π/4]. However, for the sake of

analysis, (6) is still given in an I-Q form in this paper.
After the transmitted signal sT (t) passes through the

UWB channel and the bandpass filter (BPF) at the antenna,
the received signal r(t) is given by

r(t) = sT (t)⊗ h(t)+ n(t)

=

K−1∑
k=0

αks(t − τk )
{
cos [2π fc(t − τk )+ θtx(t − τk )]

− sin [2π fc(t − τk )+ θtx(t − τk )]
}
+ n(t), (7)

where n(t) is the BPF-filtered complex additive white Gaus-
sian noise (AWGN) with a one-sided PSD of N0.
r(t) can be downconverted with Irx(t) and Qrx(t) respec-

tively by using the noncoherent detection technique [57], and
it results in two corresponding parts as follows:

r̃I (t) = r(t)Irx(t)

= r(t) cos [2π (fc +1f )t + θrx(t)+ φ] (8)

and

r̃Q(t) = r(t)Qrx(t)

= −r(t) sin [2π (fc +1f )t + θrx(t)+ φ], (9)

respectively. After r̃I (t) and r̃Q(t) are filtered by two LPFs
with a bandwidth of 500 MHz, two baseband components
rI (t) and rQ(t) can be obtained respectively.

D. BASEBAND AUTOCORRELATION
PROCESSING & DETECTION
As shown in Fig. 1, rI (t) and rQ(t) are firstly multiplied by
their Td delayed version, rI (t − Td ) and rQ(t − Td ), respec-
tively. Then the two results are combined and integrated.
Therefore, the decision variable (DV) for the i-th symbol can
be obtained as

D =
∫ iTs+T2

iTs+T1

[
rI (t)rI (t − Td )+ rQ(t)rQ(t − Td︸ ︷︷ ︸

,rc(t)

)
]
dt, (10)
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FIGURE 2. Equivalent LTI analytical model of the passband TRPC system.

where the integration parameters T1 and T2 can be determined
following one of the algorithms presented in [16]. Finally,
a symbol decision can be made as follows:

b̂ = sgn{D}. (11)

III. PERFORMANCE ANALYSIS IN THE PRESNECE
OF PHASE NOISE
Observing (7)–(9), we can easily find that multiple uncertain-
ties, 1f , φ, θrx(t), and θtx(t − τk ) for k = 0, · · · ,K − 1,
leak in the low-frequency components of r̃I (t) and r̃Q(t), and
therefore, they also remain in rI (t) and rQ(t). This result is
based on the sufficient but not necessary condition that θ (t)
is slowly time-varying so that the maximum frequency offset
from fc caused by θ (t) is much less than B0 = 500 MHz. This
condition can be verified by numerous empirical PSD profiles
of phase noise, where most measured PSDs at a frequency
offset of 10 MHz are less than −130 dBc/Hz, which denotes
the level below the detectable noise floor, for a carrier with
fc ≥ 1 GHz [58]–[64]. This makes the performance analysis
intractable due to the multiple uncertainties involved. Hence,
an equivalent LTI analytical model is derived in the following
to facilitate the analysis.

A. EQUIVALENT LTI ANALYTICAL MODEL
Firstly, (7) can be rewritten as

r(t) =
K−1∑
k=0

αks(t − τk )
{
cos

[
2π fct + θtx(t − τk )

]
− sin

[
2π fct + θtx(t − τk )

]}
+ n(t)

≈

K−1∑
k=0

αks(t − τk )
{
cos

[
2π fct + θtx(t)

]
− sin

[
2π fct + θtx(t)

]}
+ n(t)

= s̆(t) cos
[
2π fct + θtx(t)

]
− s̆(t) sin

[
2π fct + θtx(t)

]
,

(12)

where the first equality holds for Assumption I, the approx-
imation is derived in Appendix A, and s̆(t) , s(t)⊗ h(t)+
nB(t), where nB(t) denotes the complex baseband AWGN

with a one-sided PSD of N0. According to (12), an equivalent
LTI analytical model is shown in Fig. 2.

B. DERIVATION OF BER PERFORMANCE
Based on the equivalent LTI analytical model presented
in Fig. 2 and using (12), we can also rewrite (8) and (9) as

r̃I (t) = s̆(t)
{
cos

[
2π fct + θtx(t)

]
− sin

[
2π fct + θtx(t)

]}
· cos

[
2π (fc +1f )t+θrx(t)+ φ

]
(13)

and

r̃Q(t) = −s̆(t)
{
cos

[
2π fct + θtx(t)

]
− sin

[
2π fct + θtx(t)

]}
· sin

[
2π (fc +1f )t + θrx(t)+ φ

]
(14)

respectively.
Employing trigonometric formulas to (13) and (14), we can

easily find that only four uncertainties, namely θtx(t), θrx(t),
1f , and φ remain in the low-frequency terms, and the pass-
band terms will be removed by the LPF filters. Accordingly,
the two LPF-filtered baseband components are

rI (t) =
1
2
s̆(t)

{
cos

[
2(t)− 2π1ft − φ

]
− sin

[
2(t)− 2π1ft − φ

]}
(15)

and

rQ(t) =
1
2
s̆(t)

{
sin
[
2(t)− 2π1ft − φ

]
+ cos

[
2(t)− 2π1ft − φ

]}
(16)

respectively, where 2(t) , θtx(t) − θrx(t). Using (15) and
(16) and employing trigonometric formulas, we obtain the
combined baseband signal as

rc(t) = rI (t)rI (t − Td )+ rQ(t)rQ(t − Td )

=
1
2
s̆(t)s̆(t − Td ) cos

[
2(t)−2(t − Td )− 2π1f Td

]
≈

1
2
s̆(t)s̆(t − Td ) cos

[
8(t)

]
, (17)

where 8(t) , 2(t) − 2(t − Td ), and the approximation
holds because 2π1f Td can be negligible for the case that
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1f ∈ [−5,+5]MHz and Td = 2.02 ns. Note that the receiver
step in (17), which derives from the I-Q downconversion, can
successfully cancel the constant carrier frequency offset 1f
and the phase offset φ between the free-running transmitter
and receiver VCO’s. Hence, the I-Q downconversion must
necessarily be used in the noncoherent detection without the
exact knowledge of carrier phase and we will also verify this
point in the next section.

Substituting (17) into (10), we have

D =
1
2

∫ iTs+T2

iTs+T1
s̆(t)s̆(t − Td ) cos

[
8(t)

]
dt. (18)

Since θtx(t) and θrx(t) are slowly time-varying random pro-
cesses, 2(t) is also a slowly time-varying random process.
Hence,8(t) = 2(t)−2(t−Td ) usually takes very small val-
ues and change very slowly with time. It can be approximated
by 8(t) ≈ 8(iTs + tm) for t ∈ [iTs + T1, iTs + T2], where
tm , (T1 + T2)/2, and then 8(iTs + tm) can be con-
sidered as a zero-mean Gaussian r.v. with variance 4πβTd
(see Appendix B for more detail). Therefore, the factor
cos[8(iTs+tm)] in (18) can be moved outside the integral and
it can be approximated by a truncated Taylor series expansion
as follows

cos
[
8(iTs + tm)

]
≈1− 2πβTdX2, (19)

where X = 8(iTs+tm)
2
√
πβTd

is a zero-mean Gaussian r.v. with
variance 1. Substituting (19) into (18), we obtain

D≈FaFb, (20)

where Fa , 1
2

∫ iTs+T2
iTs+T1

s̆(t)s̆(t − Td )dt , and Fb ,

1− 2πβTdY , where Y , X2 is a central chi-squared r.v.
with degree of freedom u = 1. It is noted that Fa exactly
corresponds to the DV of the baseband equivalent TRPC.
According to the decision criterion (11), the bit-error prob-
ability (BEP) for the passband TRPC conditioned on the
channel realization h is then derived as

P(e|h) =
1
2

{
(1− P+B )− (1− 2P+B )Pφ

}
+

1
2

{
(1− P−B )− (1− 2P−B )Pφ

}
, (21)

where the detailed derivation of (21) can be found in
Appendix C, and h = {(αk , τk )|k = 0, · · · ,K − 1}.
P+B and P−B denotes the BEPs of the baseband TRPC con-
ditioned on bi = +1 and bi = −1, respectively. Pφ =
P(Y < �) where � = 1/(2πβTd ).
To calculate (21), the two conditional BEPs of the base-

band TRPC can be obtained by using Gaussian approxima-
tion presented in [14] as follows

P+B = Q
( m̆+D
σ̆+D

)
(22)

and

P−B = Q
(
−m̆−D
σ̆−D

)
, (23)

respectively, where Q(x) , 1
√
2π

∫
∞

x e(−t
2/2)dt denotes the

Q-function [57], [m̆+D, (σ̆
+

D )2] and [m̆−D, (σ̆
−

D )2] are the means
and variances (see (9)–(11) in [14] for more detail) of D̆
conditioned on bi = +1 and bi = −1, respectively, where
D̆ =

∫ iTs+T2
iTs+T1

s̆(t)s̆(t − Td )dt . Moreover, the cumulative dis-
tribution function (CDF) of r.v. Y can be calculated by

Pφ = P(Y < �) =
γ ( u2 ,

w
2 )

0( u2 )

∣∣∣
(u=1, w=�)

= 1− 2Q
(√
�
)
,

(24)

where 0(x) ,
∫
∞

0 tx−1e−tdt and γ (x, s) ,
∫ s
0 t

x−1e−tdt
denote the Gamma function and the lower incomplete
Gamma function respectively [65]. Substituting (22)–(24)
into (21), the semi-analytical BEPs can be obtained for the
passband TRPC in the presence of phase noise.

From (21), we see that P+B , P
−

B and Pφ are the only contrib-
utors to the BEP of the passband TRPC. Moreover, according
to (21)–(24), for a given channel realization, two remarks
representing the contributions of β and Eb/N0 on the BEP
can be concluded as follows:
Remark I: For a given Eb/N0, both P+B and P−B remain

unchanged. When β increases, both � and Pφ decrease, and
therefore this results in a larger BEP. Especially, we have
limβ→∞ Pφ = 0, limβ→∞ P(e|h) = 1 − 0.5(P+B + P−B );
limβ→0 Pφ = 1, and limβ→0 P(e|h) = 0.5(P+B + P−B ).
Therefore, the BEP of the passband TRPC will converge to
that of the baseband TRPC if perfect oscillators are employed
in the transceiver.
Remark II: For a given β, both � and Pφ remain

unchanged. When Eb/N0 increases, both P+B and P−B
become smaller. Especially, we have limρ→∞ PB = 0 and
limρ→∞ P(e|h) = 1 − Pφ , where ρ , Eb/N0. That means
in the presence of phase noise, there will be a BEP floor with
the increase of Eb/N0, and the larger β is, the higher the BEP
floor appears.

IV. RESULTS AND DISCUSSIONS
In this section, some semi-analytical and simulation results
are presented to evaluate the BER performance of the pass-
band TRPC system in the presence of phase noise, constant
carrier frequency offset and phase offset. The IEEE 802.15.3a
CM1 and CM2 channels [54] are considered. All semi-
analytical and simulation results are the average performance
obtained over 100 random channel realizations.

To obtain the semi-analytical BER curves, we modeled
a baseband TRPC system, in which a training sequence
with length Nt symbols is used to estimate the channel-
dependent parameters required in (22) and (23) for each
channel realization. This training sequence consists of
Nt/2 consecutive symbols ‘‘+1’’ and Nt/2 consecutive
symbols ‘‘−1’’. Similar to the processing steps presented
by (1)–(2), (5)–(7) in [14], the corresponding DV’s can
be obtained as D̆i for i = 0, 1, · · · ,Nt − 1. Then
[m̆+D, (σ̆

+

D )2] and [m̆−D, (σ̆
−

D )2] can be estimated by calcu-
lating the means and the variances for the two sequences
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D̆+ and D̆−, where D̆+ , {D̆0, D̆1, · · · , D̆Nt/2−1} and
D̆−i , {D̆Nt/2, D̆Nt/2+1, · · · , D̆Nt−1}, respectively. We found
that satisfied results can be obtained when Nt ≥ 1024, and
therefore we set Nt = 1024 in this paper.

A. BASEBAND SETTINGS
A root-raised-cosine (RRC) pulse with a roll-off factor of
0.25 is used for the transmitter pulse shaping filter and the
receiver LPFs. We assume the data rate is Rb = 1 Mbps,
Ts = 103 ns, Nf = 4, Td = Tp = 2.02 ns, and all other
parameters are the same as those in [14].

B. SIMULATED MODEL FOR PHASE NOISY OSCILLATOR
Using the model given by (3)–(5) and employing typical
measured PSD profiles of phase noise presented in [35]
and [61]–[64], we can obtain a simulated phase noise via the
following steps:
Step 1: Define a frequency offset feature set and its corre-

sponding PSD value set for the required phase noise model,
where the frequency offset feature set includes the maximum
frequency offset, 3-dB bandwidth β, and several logarithmi-
cally spaced frequency offset points.
Step 2: Based on the frequency offset feature set, generate

an equally spaced frequency offset grid and perform interpo-
lation of the PSD value set to form the corresponding PSD
points.
Step 3: Generate an AWGN vector with variance 1 in

frequency domain and weight it element by element with the
interpolated PSD value set to obtain the simulated Lorentzian
spectrum.
Step 4: Perform Inverse Fast Fourier Transformation

(IFFT) to the Lorentzian spectrum to obtain the required
phase noise.

In the simulation, the nominal center frequency fc =
3952 MHz. Since the parameter Td is constant, we just need
to use the 3-dB bandwidth β to characterize the level of phase
noise. In low-power radio applications, the β-to-fc ratio can
be as high as 1 × 10−4 [38], and therefore the maximum β

is set as 200 kHz for the worst case of extremely noisy oscil-
lators. Although β usually can be as small as tens of Hertz
for a high-quality oscillator in conventional radio systems,
some of this stability is sacrificed to reduce the cost in low-
power radio communications [38]. Therefore, we consider the
minimum β as 10 kHz which represents a fairly conservative
level for a practical oscillator operating at GHz bands for
the passband TRPC. Moreover, if not specifically indicated,
the constant carrier frequency offset and phase offset are
modeled by the r.v.’s 1f and φ uniformly distributed over
[−5,+5] MHz and [0, 2π ), respectively. Fig. 3 illustrates the
simulated Lorentzian spectra of phase noise with β = 10 kHz
and 100 kHz, respectively.

C. SEMI-ANALYTICAL AND SIMULATION RESULTS
Figs. 4 and 5 present some simulation and semi-analytical
results for the BER performance of the passband TRPC in the

FIGURE 3. Simulated single side band (SSB) Lorentzian spectra of phase
noise with β = 10 kHz and 100 kHz.

FIGURE 4. BER performance of the passband TRPC in the presence of
phase noise with β = 10 kHz, 100 kHz and 200 kHz in CM1 channels.

presence of phase noise with different β values in CM1 and
CM2 channels, respectively. The semi-analytical results were
obtained by using (21)–(24). We see that the simulation and
semi-analytical results fit well for most Eb/N0 values. How-
ever, compared to the simulation results, the semi-analytical
results can be obtained much more quickly because the time-
consuming statistical process of error bits can be avoided.

From Figs. 4 and 5, we also see that when β ≤ 100 kHz
in both CM1 and CM2 channels, the BER performance of
the passband TRPC with noisy oscillators is very close to
that of the passband TRPC with perfect oscillators (or that
of the baseband TRPC presented in [18]) for most Eb/N0
values. However, there are power penalties of about 1.8 dB
with β = 100 kHz at BER = 1 × 10−4 for CM1 channels,
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FIGURE 5. BER performance of the passband TRPC in the presence of
phase noise with β = 10 kHz and 100 kHz in CM2 channels.

and about 1 dB with β = 100 kHz at BER = 1 × 10−3

for CM2 channels, respectively. Therefore, in the implemen-
tation of passband TRPC systems, suitable oscillators need
to be employed according to the requirements of different
applications.

At the same time, to show the effect of I-Q downconversion
in terms of constant carrier frequency offset and phase offset
cancellations, Figs. 4 and 5 also present the BER performance
of the passband TRPC using single-branch downconversion
(I- or Q-downconversion) in CM1 and CM2 channels, respec-
tively. As expected, we see that the I-Q downconversion
outperforms the I-downconversion significantly and single-
branch downconversion should not be used without recovery
of carrier phase. For example, for a given β = 100 kHz,
the BER floors of the I-Q downconversion are lower than
those of the I-downconversion by one or two orders of mag-
nitude in both CM1 and CM2 channels. According to the
discussions below (17), we see that these performance gaps
result from the constant carrier frequency offset 1f and the
phase offset φ.

In order to obtain a comprehensive comparison with other
impulse radio technologies, the passband TR system, and
the passband coherent UWB system using selective Rake
(SRake) receiver with maximum ratio combing (MRC), are
also considered to evaluate the BER performance in the pres-
ence of phase noise (see Appendix D for more detail).

Figs. 6 and 7 present the simulation results for the
BER performance of the passband TRPC, the passband TR
and the passband SRake/MRC-UWB systems, in CM1 and
CM2 channels, respectively. Due to the limited space, we only
consider the phase noise and the phase offset and assume that
there is no constant carrier frequency offset in the passband
TR and the passband SRake/MRC-UWB. From Figs. 6 and 7
we see that when β increases from 100 Hz to 10 kHz,
which is a much more relaxed case compared with that of

FIGURE 6. BER performance of the passband TRPC, the passband TR and
the passband SRake/MRC-UWB with eight fingers, in the presence of
phase noise with β = 100 Hz, 1 kHz and 10 kHz, respectively, all in
CM1 channels (β = 100 Hz and 1 kHz are only applicable to the passband
TR and the passband SRake/MRC-UWB).

the passband TRPC, there are still power penalties of about
4.5 dB for the SRake/MRC-UWB at BER = 1 × 10−6 for
CM1 channels, and about 6 dB at BER = 2 × 10−4 for
CM2 channels, respectively. For the passband TR, although
the power penalties are less than 3 dB when β ≤ 1 kHz,
high BER floors appear when β reaches 10 kHz. In contrast,
there is no appreciable performance loss for the passband
TRPC in the presence of phase noise with β = 10 kHz,
indicating TRPC is much more immune to phase noise than
conventional TR and SRake/MRC-UWB systems.

D. DISCUSSIONS ON SPECTRAL EFFICIENCY,
HARDWARE COMPLEXITY AND COST
Based on the discussions below (6) and the system models
presented in Appendix D, we see that the I-Q upconver-
sion with different I-Q input can be employed in the pass-
band SRake/MRC-UWB. For the passband TRPC and the
passband TR, the use of the I-Q upconversion, or equiva-
lently, the I- (or Q-) upconversion results in a fifty-percent
penalty in terms of spectral efficiency. However, this cost
is acceptable for the passband TRPC if advanced spectrum-
sharing technologies are employed. For the passband SRake/
MRC-UWB, apart from channel estimation algorithms for
coherent detection, efficient methods are also needed to
combat frequency or timing jitter caused by phase noise,
and accordingly, the dramatically increased complexity will
inevitably become a major challenge to hardware imple-
mentation. Moreover, according to the results presented
in Figs. 6 and 7, we can conclude that in order to avoid
significant BER performance penalties, costly ultralow phase
noise oscillators are required in the passband TR and the
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FIGURE 7. BER performance of the passband TRPC, the passband TR and
the passband SRake/MRC-UWB with sixteen fingers, in the presence of
phase noise with β = 100 Hz, 1 kHz and 10 kHz, respectively, all in
CM2 channels (β = 100 Hz and 1 kHz are only applicable to the passband
TR and the passband SRake/MRC-UWB).

passband SRake/MRC-UWB. In comparison, low cost oscil-
lators even without phase-locked loop are sufficient for the
passband TRPC due to its robust BER performance against
phase noise.

V. CONCLUSION
In this paper, we have presented the design and performance
analysis of practical passband TRPC-UWB systems in the
presence of phase noise. We have shown that the constant
carrier frequency offset and the phase offset can be success-
fully cancelled with the passband transmitter and the nonco-
herent receiver employed in this paper. Semi-analytical and
simulation results have verified the accuracy of our analyses
and therefore they can be employed in the implementation
of passband TRPC-UWB systems. Our results have also
demonstrated that compared to the passband TR and the
passband SRake/MRC-UWB systems, the passband TRPC
has robust system performance against phase noise, constant
carrier frequency offset, and phase offset, and therefore it is
a promising candidate for low cost, low power consumption,
and low complexity applications.

APPENDIX A
DISCUSSIONS OF THE APPROXIMATION
According to (4), we see that θ (t) tends to be a slowly time-
varying Gaussian random process due to the integration oper-
ation.Measured results show that for most feasible oscillators
operating at the UWB frequency bands, the PSD at 1 MHz
offset is around −120 dBc/Hz, and especially, the quantity
at 10 MHz offset is less than−130 dBc/Hz [61]–[64]. There-
fore, for most practical oscillators used in low cost, low power
consumption applications, we consider that the maximum

frequency offset caused by phase noise ranges from 1 MHz
to 10 MHz. That means the output phase noise θ (t) has a
coherent time which ranges from 1× 102 to 1× 103 ns. For
most IEEE 802.15.3a indoor channels, the mean excess delay
ranges several nanoseconds from tens of nanoseconds [54].
Therefore, we consider θ (t−τk ) ≈ θ (t) for k = 0, · · · ,K−1.

APPENDIX B
DERIVATION OF THE VARIANCE
Without loss of generality, let i = 0 and we have 8(tm) =
2(tm) − 2(tm − Td ), where 2(t) = θtx(t) − θrx(t). Accord-
ing to (4) and (5), θtx(t) and θrx(t) can be considered as
identically distributed (i.d.) zero-mean Gaussian r.v.’s with
variance 2πβt . Similarly, 2(tm) can be approximated as an
Gaussian r.v. with variance 4πβt . Therefore, 8(tm) can be
modeled as a zero-mean Gaussian r.v. with variance σ 2

8,
where σ 2

8 can be calculated as follows:

σ 2
8 = Var

{
2(tm)−2(tm − Td )

}
= Var

{
2(tm)

}
+ Var

{
2(tm − Td )

}
− 2E

{
2(tm)2(tm − Td )

}
= 8πβtm − 4πβTd − 4Rθ (tm,Td ), (25)

where Rθ (t, τ ) , E
[
θ (t)θ (t − τ )

]
denotes the autocor-

relation function of θ (t). Using (4) and (5), we obtain
Rθ (tm,Td ) as 2πβ(tm − Td ), and substituting it into (25), we
have σ 2

8 ≈ 4πβTd .

APPENDIX C
DERIVATION OF THE BEP FOR PASSBAND TRPC
Using (11) and (20), we have

P(e|h) =
1
2
P(D < 0|bi = +1)+

1
2
P(D > 0|bi = −1)

=
1
2
P1 +

1
2
P2, (26)

where P1 = P(Fa · Fb < 0|bi = +1) and P2 = P(Fa · Fb >
0|bi = −1) can be derived as

P1 = (1− P+B )P(Y > �)+ P+BP(Y < �)

= (1− P+B )− (1− 2P+B )Pφ (27)

and

P2 = (1− P−B )P(Y > �)+ P−BP(Y < �)

= (1− P−B )− (1− 2P−B )Pφ, (28)

respectively, where Fa , 1
2

∫ iTs+T2
iTs+T1

s̆(t)s̆(t − Td )dt , Fb ,
1− 2πβTdY , � = 1/(2πβTd ). Substituting (27) and (28)
into (26), we obtain (21).

APPENDIX D
SYSTEM MODELS FOR PASSBAND TR AND
PASSBAND SRAKE/MRC-UWB
For the passband TR system, the upconversion operation can
be performed in the I-Q upconversion, or equivalently, in the
form of I-upconversion (or Q-upconversion). Without loss of
generality, we consider the I-Q upconversion for the passband
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TR system, where the system models are the same as those
of the passband TRPC presented in Fig. 1, except that the
baseband signal is replaced by the TR signaling as below:

str (t) =

√
Eb
2Nf

Nf−1∑
m=0

[g(t − iTs − mTf )

+ bi · g(t − iTs − mTf − T ′d )], (29)

where T ′d ≥ τmax + Tp, Tf ≥ 2T ′d and Ts ≥ Nf Tf , and other
notations are the same as those in (1).

For the passband SRake/MRC-UWB system, the bipolar
baseband signal can be modeled as

s′(t) =

√
Eb
2Nf

2Nf−1∑
m=0

bi · g(t − iTs − mT ′f ), (30)

where T ′f = Tf /2, and other notations are the same as
those in (1) and (29). For the passband SRake/MRC-UWB
system, the I-Q upconversion with different I-Q input can be
employed due to the use of coherent detection techniques. For
simplicity, only the I-upconversion is considered in this paper
and therefore the transmitted passband signal is

s′T (t) =
√
2s′(t) cos [2π fct + θtx(t)]. (31)

After s′T (t) passes through the multipath channel and is cor-
rupted by AWGN, the received passband signal is

r ′(t) =
K−1∑
k=0

αks′T (t − τk )+ n(t). (32)

Via downconversion, the received signal becomes

r̃ ′(t) = r ′(t) cos [2π (fc +1f )t + θrx(t)+ φ]. (33)

By LPF-filtering, the baseband received signal rB(t) can also
be obtained. Assuming that the receiver can perfectly estimate
the channel state information and following the processing
steps given by (5)–(7) and (9) in [2], the MRC combiner’s
output Zi can be obtained as the decision variable D′ for
the i-th symbol. Finally, a symbol decision can be made by
using (11).
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