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ABSTRACT: Local oscillator (LO) leakage in a carrier-based ultrawideband (UWB) system is
a major design concern. In many cases, mixer LO-RF isolation is not sufﬁcient and the LO leakage is well above the useful UWB signal. However, this leakage can be substantially reduced by
using a notch ﬁlter located before the UWB transmitting antenna as long as it will not lead to
unacceptable signal distortion. Therefore, various ﬁlter parameters, such as the ﬁlter order and
3 dB rejection bandwidth, have been studied to see their effects on providing sufﬁcient band
rejection level to reduce the unwanted LO leakage while minimizing the transmitted pulse dispersion. Time domain simulations and measurements have been utilized to evaluate the pulse
dispersion using both the relative signal’s ﬁrst pulse amplitude and the pulse time delay
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rently available commercial mixers have been
reported to provide a maximum LO-RF isolation of
around 45 dB with an LO driving power of 13 dBm
[6]. Thus, the LO leakage at the RF port is around
232 dBm before ampliﬁcation, which is signiﬁcantly
higher than the useful UWB signal spectrum that is
below 241.3 dBm according to the FCC regulation.
Another technique is to divert a part of the LO signal,
upon using a phase-shifter, and then add it back to
the RF-output of the mixer to cancel the LO signal
[7]. However, such a technique implies very complex
mixer design. Recently, many researchers have investigated the use of a band-notched UWB monopole
antenna to avoid the interference with the existing
WLAN system. Various kinds of slots have been integrated as part of the monopole patch to create the
notch ﬁlter effect [8, 9]. Similar ideas could be
applied here to reject the carrier leakage of the
impulse UWB system. However, the use of a slot ﬁlter can cause deterioration of the antenna perform-

I. INTRODUCTION
Carrier-based ultrawideband (UWB) impulse radar
systems have been widely used in many areas such as
UWB localization and communication systems [1, 2].
However, the carrier leakage, which is due to the limited LO-RF mixer isolation, will cause many problems
such as: a) signal to noise ratio reduction and data loss
[3]; b) signal demodulation degradation which would
cause DC offset at the receiver side [4]; c) unacceptable interference with other existing services [5]; d)
possible FCC transmitted signal limit violation.
To address these problems, the most straightforward way is to increase the LO-RF isolation of the
up-converter at the transmitter side. However, curCorrespondence to: C. Zhang; e-mail: czhang5@utk.edu
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carrier leakage are discussed, followed by a system
simulation that is used to quantify the relation
between the notch ﬁlter parameters and the dispersion
of the UWB signals (such as FPA and TDS). Section
III covers the implementation and performance of
typical band-notched ﬁlters. Then, in Section IV,
both the spectrum and the time domain measurements
are investigated to validate our simulated results.
Finally, a brief conclusion is given in Section V.

II. MOTIVATION AND SYSTEM
MODELING USING ADS
Figure 1. Power spectral density of modulated pulse signal showing the LO leakage far exceeds the useful UWB
signal spectrum. [Color ﬁgure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

ance with respect to its gain and efﬁciency [10]. Even
though the slot-notched monopoles only provide limited rejection level of less than 15 dB, a multiorder
band-stop ﬁlter [11] could be utilized to provide an
adequate rejection level to eliminate the carrier leakage. Nevertheless, the relations between the UWB signal dispersion and the ﬁlter parameters need to be studied to optimize the band-stop ﬁlter design and minimize
subsequent signal distortion. Time domain UWB signal
performance analysis such as the ﬁrst pulse amplitude
(FPA) and time delay spread (TDS) will be carried out
as they are essential parameters in developing UWB
positioning and communication systems.
In the following sections, an overview of our
UWB local positioning system and the transmitting

In our experimental localization system set-up [2], a
300-ps Gaussian pulse modulates a carrier signal centered at a ﬁxed frequency, i.e., 8 GHz, which is transmitted through an omni-directional UWB antenna.
Directional Vivaldi receiving antennas are located at
distinct positions to receive the modulated pulse signal. However, the up-converter at the transmitter side
requires high LO driving power, and the up-converter
cannot provide enough LO-RF isolation, which leads
to an undesirable carrier leakage at 8 GHz that is
well above the UWB signal spectrum, as shown in
Figure 1. Such leakage needs to be ﬁltered using a
notch ﬁlter.
To analyze the effect of using the notch ﬁlter on
the transmitted signal (shown in Fig. 1), an AgilentADS2006A CAD model has been developed as
shown in Figure 2. The transmitter and receiver were
directly connected through a simpliﬁed channel
model, i.e., the antenna effects were not included in

Figure 2. ADS model of the simpliﬁed localization system where the signal dispersion due to
antennas has not been considered.
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effect in the time domain, giving rise to a longer
pulse TDS. Hence, increasing the order to achieve a
higher rejection level could lead to a higher dispersion, especially when the rejection bandwidth is relatively large according to Figure 4. In summary, it is
required to utilize a narrow band rejection ﬁlter with
the possibly lowest ﬁlter order for an adequate rejection level, i.e., about 30 dB for our carrier-based
UWB system.

Figure 3. The ﬁrst pulse amplitude vs. the ﬁlter bandwidth and order: increasing the ﬁlter order for a given
rejection bandwidth would lead to less ﬁrst pulse amplitude and using wider rejection bandwidth for the same
ﬁlter order would also lead to amplitude reduction.
[Color ﬁgure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

our model to focus on signal dispersion due to the
notch ﬁlter. In our analysis, the peak amplitude of the
ﬁrst pulse was calculated as a function of the ﬁlter
order and its associated 3-dB rejection bandwidth. As
noted from Figure 3, in an ideal case, the higher amplitude is obtained when using a relatively narrow
rejection band as most of the useful energy remains
intact. In practice, however, there are a number of
limitations that prevent the utilization of extremely
narrow band notch ﬁlters such as: the limited realizable Q factor in a small volume, the fabrication tolerance, and the local oscillator’s aging and temperature
stability drifting effects. Meanwhile, the FPA
decreases as the ﬁlter order increases, so it is required
to minimize the utilized ﬁlter order. For example, for
a 500 MHz ﬁlter rejection bandwidth shown in Figure
3, the relative FPA decreases from 0.8 to 0.6 as the
ﬁlter order increases from 1 to 4. However, notch ﬁlters with single ﬁlter order generally cannot provide
adequate rejection level to eliminate the carrier leakage.
Another important consideration for the notch ﬁlter utilization in the carrier-based UWB systems is
the TDS. In this context, we will adapt a TDS deﬁnition as the time after which the pulse does not exceed
220 dBc of its ﬁrst peak amplitude. As can be seen
from Figure 4, in general, increasing the ﬁlter order
leads to an increase in the pulse TDS. Since a notch
ﬁlter with a higher ﬁlter order features sharper notch
band edges, the steeper transition in the frequency
domain would result in a stronger and longer ringing

Figure 4. Time delay spread vs. the ﬁlter bandwidth and
order: for a given bandwidth the time delay spread
increases upon increasing the ﬁlter order, especially for
relatively large rejection bandwidth. [Color ﬁgure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Figure 6. Experiment setup in an anechoic chamber.

nar waveguide (CPW) resonant cell (CRCC) to the
CPW feed line [12]. As can be seen from Figure 5a,
the fabricated 1st and 2nd order CRCC ﬁlters feature
600 MHz and 800 MHz rejection bandwidths, respec-

Figure 5. Measured transfer characteristics of (a) 1st and
2nd order CRCC band-stop ﬁlters, and (b) 2nd and 3rd
order DGS band-stop ﬁlters.

III. IMPLEMENTATION OF BAND
NOTCHED FILTERS
To experimentally validate the above analysis, various conventional band-stop ﬁlters with different
rejection bandwidths and ﬁlter orders were fabricated.
The compact planar structure was chosen for those
ﬁlters due to the limited size constraints for the transmitting tag in our UWB system. One way of realizing
these band-stop ﬁlters is to integrate a compact copla-

Figure 7. Received signal power spectral densities without demodulation.
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corresponds to a high Q factor of 27. In this case, the
3rd order DGS ﬁlter provides a sufﬁcient LO rejection. In summary, to achieve high rejection levels for
a given topology, it is necessary to increase the ﬁlter
order. However, it could lead to unacceptable pulse
dispersion with respect to the FPA and TDS as previously mentioned. Time domain measurements will be
given in the next section to investigate those effects.

IV. EXPERIMENTAL VALIDATION

Figure 8. Measured time domain responses for (a)
CRCC notched ﬁlters and (b) DGS notched ﬁlters.

tively. The 2nd order CRCC ﬁlter provides a rejection level close to 30 dB, which is adequate for eliminating the LO leakage indicated in Figure 1. To
achieve a narrower rejection bandwidth and improve
the Q factor, a U-slot shaped defected ground structure (DGS) under the microstrip line was adapted
[11]. Figure 5b shows the measured transfer characteristics of the 2nd and 3rd order DGS band-stop ﬁlters. The rejection bandwidth of 300 MHz at 8 GHz

As seen in Fig. 6, the same experimental setup (as
shown in Fig. 2) has been utilized in an anechoic
chamber to measure the frequency and time domain
response of the various fabricated band-stop ﬁlters.
To minimize the received UWB signal distortion due
to antennas and clearly see the ﬁlter effects, low dispersion UWB monopole and Vivaldi antennas with a
wide operating bandwidth from 5 to over 12 GHz
were utilized. The UWB monopole transmitting
antenna was placed in front of the UWB Vivaldi
receiving antenna at a ﬁxed distance of 0.5 m.
The spectrums of the received signals without
demodulation are shown in Figure 7. As can be seen,
the 2nd order CRCC and 3rd order DGS notched ﬁlter provide sufﬁcient rejections to eliminate the LO
leakage as expected.
In the time domain measurements, we studied the
impact of various band-stop ﬁlters on the FPA and
the TDS. As shown in Figure 8, the measured pulse
amplitudes are normalized with respect to the
received signal without band-stop ﬁlter. As predicted,
the 2nd order CRCC ﬁlter has the lowest pulse amplitude compared to the DGS designs because of its relatively wider rejection bandwidth. The performance
of the 1st and 2nd order CRCC ﬁlters, as well as the
2nd and 3rd DGS ﬁlters are denoted by symbols A,
B, C, D (in Figs. 3 and 4) respectively and has been
summarized in Table I. The simulated results show a
good agreement with the corresponding measured
results. It should be noted that the measured TDS
exhibits about a 0.2 ns longer in time than the simu-

TABLE I. First Pulse Amplitude and Time Delay Spread for Various Notch Filters
Notch Filter
Type

Rejection
Level (dB)

Simulated
First Pulse
Amplitude

Measured
First Pulse
Amplitude

Simulated
Time Delay
Spread (ns)

Measured
Time Delay
Spread (ns)

1st CRCC
2nd CRCC
2nd DGS
3rd DGS

20
29
22
30

0.78
0.62
0.86
0.72

0.74
0.65
0.85
0.80

0.89
1.5
1.1
0.92

1.0
1.65
1.3
1.1
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lated results, which is due to the extra received pulse
ringing caused by other sources of hardware distortion that have not been considered in the simulation
model, such as the antenna dispersion and the ringing
from the 300 ps pulse generator itself. Based on Table I, it is clear that the 3rd order DGS ﬁlter provides
enough rejection level (30 dB) while maintaining
both a relatively large FPA (0.8) and a small TDS
(1.1 ns) and could be adapted in our UWB system.

2.

3.

4.

V. CONCLUSION
The LO leakage from the up-converter in the carrierbased UWB localization system could be remedied
by using a multistage band-stop ﬁlter. Based on our
analyses and measurements, it was found out that the
ﬁlter order number needs to be optimized to satisfy
speciﬁc pulse amplitude and delay spread requirements while providing sufﬁcient band rejection level.
Meanwhile, a narrower rejection bandwidth with the
associated higher Q value would lead to the larger
FPA and less TDS, thus would beneﬁt the UWB system with minimum pulse dispersion. For example,
the fabricated 3rd order DGS ﬁlter has provided
adequate rejection level while maintaining a relatively large FPA and small TDS, making it the most
suitable candidate for ﬁltering the LO leakage in our
carrier-based UWB system design.
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