
bands. The measured peak gains are better than 4.55 and 5.24 dBi
in 2.4 and 5.2 GHz operation bands, respectively.

4. CONCLUSION

A printed T-shaped slot antenna is proposed for the dual-band
WLAN operation. By using the T-shaped slot, two resonant modes
are excited where one resonant mode is controlled to operate at
2.4-GHz-band and the other is controlled to operate at 5.2-GHz-
band. Good agreement between the measured and simulated results
verifies the design of the proposed antenna. The measured imped-
ance bandwidths are 2.18–2.85 GHz and 4.96–5.5 GHz for VSWR
�2 and are sufficient for the two bands of WLAN standard. The
measured gains are better than 4.55 and 5.24 dBi at 2.4-GHz- and
5.2-GHz-Band, respectively.
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ABSTRACT: This work introduces a modified subharmonic injection-
locked phase-locked loop (S-ILPLL) that feeds the phase comparator
with half the frequency of the voltage-controlled oscillator by employing
a divider in the loop feedback path. The main objective is to address the
phase noise improvement of subharmonic ILPLLs, especially for the
5-GHz band. Theoretical analysis and computer calculations demon-
strate an improved performance for phase noise and power consump-
tion. An experimental prototype was implemented to verify the validity
of the proposed approach. Measurement results are in good agreement
with computer calculations, thus the proposed S-ILPLL can constitute
an attractive design approach for 5-GHz WLAN synthesizers. © 2006
Wiley Periodicals, Inc. Microwave Opt Technol Lett 48: 2158–2162,
2006; Published online in Wiley InterScience (www.interscience.wiley.
com). DOI 10.1002/mop.21888

Key words: frequency synthesizer; injection-locked oscillator; locking
range; phase noise; subharmonic injection-locked phase-locked loop

1. INTRODUCTION

Injection-locked phase-locked loops (ILPLLs) are widely used for
synchronization in optical communications and for implementa-
tion of oscillators for phased-array antennas, achieving superior
phase noise performance and locking range characteristics over a
conventional phase-locked loop (PLL). With the advent of high-
speed wireless applications at 5 GHz, there is an increasing de-
mand for wideband, low-cost transceiver systems. A critical sys-
tem, the synthesizer, must exhibit low phase noise over a wide
bandwidth, fast settling time, and low spurious level. As a result,
ILPLL can become a strong candidate for achieving low phase
noise performance without compromising any of the other design
parameters (speed, locking range, etc.) in 5-GHz broadband wire-
less applications.

Although there is considerable work during the last years in
fundamental-frequency injection-locking PLLs (ILPLLs) [1–9],

Figure 6 Measured peak gain of proposed antenna. (a) 2.4-GHz-band
(2400–2484 MHz) (b) 5.2-GHz-band (5150–5350 MHz)
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subharmonic-injection PLLs have only recently attracted the at-
tention of researchers.

Studied by Zhang [10], Sturzebecher [11], and others [12, 13],
this method is a combination of a PLL and an injection-locked
oscillator (ILO). The voltage-controlled oscillator (VCO) of such
a synthesizer is a subharmonic-injected oscillator in contrast to the
free-running oscillator of the conventional PLL.

In this paper, we apply the ILPLL technique to synthesizer
design for the 5-GHz band, but the literature shows that until now
such an approach has not been exploited. Xue [14] introduced a
5.8-GHz injection-locked frequency synthesizer, but only experi-
mental results are reported. Furthermore, we propose an alternative
design approach where a frequency divider is placed in the loop to
feed the phase comparator (balanced mixer) with a same frequency
signal as the reference, as shown in Figure 1. In addition, this work
examines the phase noise of subharmonic-ILPLLs, using the loop
linear model, and presents the analytical expression for the locking
range.

To verify the new subharmonic injection-locked phase-locked
loop (S-ILPLL) concept experimentally, a prototype was imple-
mented using commercial components. Experimental results agree
with analysis, demonstrate a low phase noise system, and confirm
the competitive performance of such an approach. The proposed
S-ILPLL oscillator exhibits lower phase noise characteristics and
is, thus, suitable for applications in broadband, mobile, and fixed
wireless systems.

2. SYSTEM ARCHITECTURE

Subharmonic synchronization occurs when a VCO is injected with
a reference signal (�REF) such that:

�REF �
�o

n
� ��, (1)

where n � 1, 2, 3,. . . is the nonlinearity factor of the VCO, �o is
the free-running frequency, and �� is the difference between the
free-running frequency and the nth harmonic of the reference
frequency.

The external signal is split in two: one part is applied to the
injection port of the oscillator and the second to the phase com-
parator realized by a harmonic mixer [12]. Another approach is
proposed in Ref. 11, where a frequency multiplier is used to
produce the nth harmonic of the reference signal. The nth har-
monic is then injected into the phase comparator, whereas the
reference signal is directly injected into the VCO. In fact, all the

designs reported in literature follow the above techniques. In this
paper, we follow a different approach and insert a divider in the
feedback path. Current integration technology allows the imple-
mentation of low power dividers [15], making this approach very
attractive for integration.

3. SYNCHRONIZATION OF THE OSCILLATOR

A common-source capacitive feedback oscillator is designed, us-
ing a low noise GaAS Hetero-Junction FET, for better phase noise
performance, with a parallel resonant circuit applied at the gate.
The tuning range of the oscillator is 310 MHz, from 4770 to 5080
MHz, delivering �6 dBm of output power [9].

The phase noise of the subharmonic ILO locked at the second
subharmonic frequency is given by [10]:

LILO��� �

4LREF�����O

2Q

VOUT2

VOUT
�2

cos2� � �2LVCO���

��O

2Q

VOUT2

VOUT
�2

cos2� � �2

, (2)

where � is the stationary phase difference between the oscillator
and the second harmonic of the reference signal, � is the offset
carrier frequency, �o is the free-running frequency, Q is the quality
factor of the embedding network, VOUT is the amplitude of the
free-running signal, and VOUT2 is the amplitude of the second
harmonic of the reference signal at the output of the oscillator.
LVCO��� is the single-sideband power spectral density of the phase
noise of the free-running oscillator and LREF��� is the single-
sideband power spectral density of phase noise of the reference
signal. � is expressed as [1]:

sin� � 2Q
�O � 2�REF

�O

VOUT

VOUT2
, (3)

where �REF is the reference frequency.

4. PHASE NOISE ANALYSIS AND LOCKING RANGE

4.1 Phase Noise Analysis
Figure 2 shows the linearized model for noise analysis of the
S-ILPLL, where KVCO and KPD are the VCO and phase detector
gains, respectively, �2 is the divider ratio, and F(s) is the transfer
function of the loop filter.

Figure 1 Subharmonic injection-locked phase-locked-loop

Figure 2 S-ILPLL noise model
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Each component of the loop (ILO, phase detector, loop-filter,
and divider) is taken to be the combination of a noise-free com-
ponent and a source that introduces noise (�ILO, �PD, �LPF, �DIV).
The total output noise �OUT is the summation of the noise pro-
duced by the ILO and the noise originating from the feedback loop
(see Fig. 2). After some mathematical manipulation we get:

�OUT � �1 � H�s���ILO �
2

KPD
H�s��PD � 2H�s��REF �

�
2

F�s�KPD
H�s��LPF � 2H�s��DIV, (4)

where G�s� �
1

2
KPD

KVCO

s
F�s� and H�s� �

G�s�

1 � G�s�
.

Taking into account that LILO���, LPD���, LREF���, LDIV���,
LLPF��� are the single-sideband power spectral densities of the
noises �ILO, �PD, �REF, �DIV, �LPF, respectively (in units of
rad2/Hz), that each noise term is uncorrelated, and doing some
rearrangements, the spectral density of the phase noise LILPLL���,
in rad2/Hz, of the subharmonic ILPLL is:

LILPLL��� �

4LREF�����O

2Q

VOUT2

VOUT
�2

cos2�

��O

2Q

VOUT2

VOUT
�2

cos2� � �2

|1 � H���|2 �

�
�2LVCO���

��O

2Q

VOUT2

VOUT
�2

cos2� � �2

|1 � H���|2 � 4LREF���|H���|2, (5)

where the overall effect of LPD���, LDIV���, and LLPF��� is not
significant enough and has been neglected (the additive SSB phase
noise is less than �120 dBc/Hz at 100 KHz offset).

Results calculated, using the method described here, are plotted
in Figure 3. The reference frequency of the injected signal is set to
2.5 GHz.

The phase noise of the free-running VCO, the reference signal,
and the S-ILPLL are presented by the dashed, the dotted, and the
solid line, respectively. For comparison, the phase noise of a

conventional PLL employing the same components is also shown
(dashed–dotted line). Phase noise data for the reference signal and
the free-running VCO were collected from measurements.

It should be noted that in this specific case, a peak phase noise
reduction of 15 dB is observed at a frequency offset of 10 KHz
compared with the conventional PLL. In general, 10–20 dB phase
noise benefit can be obtained for different parameter values (loop
filter characteristics). Furthermore, in a fully integrated system
(where the VCO will be noisier than the one used in this work), the
proposed S-ILPLL will achieve even stronger reduction of the
phase noise level compared with that of a conventional PLL.

Sturzebecher [11] treats the VCO as a PLL-locked oscillator in
which an injection signal is applied. For this reason, in the expres-
sion for the phase noise of an ILO (2), LVCO��� is substituted by
LPLL��� as seen below in the second term of the numerator. The
resulting phase noise now represents the phase noise of the com-
posite S-ILPLL system:

LILPLL��� �

4LREF�����O

2Q

VOUT2

VOUT
�2

cos2� � �2LPLL���

��O

2Q

VOUT2

VOUT
�2

cos2� � �2

, (6)

where LPLL��� is given by:

LPLL��� � LVCO���|1 � H���|2 � 4LREF���|H���|2. (7)

If we use the same reference signal and free-running VCO,
detailed calculations of the overall phase noise from Eqs. (5) and
(6) give the same results (graphically represented by the curve of
Fig. 3). Consequently, the proposed analysis gives a reliable
method to characterize the phase noise performance of any S-
ILPLL topology.

4.2 Locking Range
Using the PLL lock equation in which the VCO is treated as an
injection locked oscillator (and not as a free running source), after
some mathematical manipulations, we obtain the following equa-
tion:

�inj � �o � ��ilpll sin��inj � � � 	�. (8)

The above equation expresses the locking range of the com-
posite S-ILPLL system. Angle � represents the phase shift around
the loop. ��ilpll,	,��sub-ilo,��pll are given by the following expres-
sions:

��ilpll � ���pll
2 � ��sub-ilo

2 � 2��pll��sub-ilo sin�, (9)

tan 	 � �
��pll cos�

��pll sin� � ��sub-ilo
, (10)

��sub-ilo �
�O

2Q

VOUT2

VOUT
, (11)

��pll �
KVCOKPDKLF

2
, (12)

where �inj and �inj are the frequency and the phase of the second
harmonic of the reference, whereas �o and �o are the frequency
and phase of the free running VCO.

Figure 3 Calculated results for the output phase noise of the proposed
S-ILPLL and a conventional PLL with the same components

2160 MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 48, No. 11, November 2006 DOI 10.1002/mop



��ilo,��pll represent the lock range of the ILO and PLL sepa-
rately, whereas � represents the phase difference in the PLL
depending on the loop gain and the difference between the locked
and the free running frequency.

Equation (8) is the equivalent to Adler’s equation for the
proposed system. Increased locking-range is obtained, larger than
that of a subharmonic ILO or a conventional PLL.

5. IMPLEMENTATION AND MEASUREMENTS

To verify the above analytical results and the new S-ILPLL con-
cept experimentally, the system shown in Figure 4 was designed
and implemented. The VCO was custom designed using a low
noise GaAS Hetero-Junction FET as described in Ref. 9, whereas
a mixer operating in the 1.5- to 4.5-GHz range was used as phase
detector. The PTFE substrate is a high frequency circuit material
with an 
r of 6.15 and a thickness of 10 mils. Impedance matching
of RF inputs and outputs was realized using distributed microstrip-
line elements. The prototype dissipates 27 mW at 3 V.

Measurements were taken for the custom-made VCO that de-
livers a typical output power of �7.57 dBm at 4931 MHz.

The minimum power level of the injected signal needed to
establish subharmonic injection locking was found to be 31 dB
below the output power of the free-running VCO. Therefore, a
single band 2.5-GHz synthesizer with a typical coupled output of
�25 dBm (using a built-in directional coupler) can be used to
subharmonically inject the ILPLL composing a dual-band synthe-
sizer. It is important to note that the proposed architecture makes
a dual-band (2.5/5 GHz) overall system easily feasible and attrac-

tive for integration because of the low injected power necessary for
subharmonic injection.

After the characterization of the phase noise of the reference
and the free-running VCO, the overall implemented system (see
Fig. 4) was measured. The result is the total output phase noise as
illustrated in Figure 5.

Figure 6 shows the measured output spectrum of the subhar-
monic ILPLL, whereas Figure 7 shows both measured and theo-
retically calculated phase noise curves for the proposed subhar-
monic ILPLL.

It is apparent that the measured data match the calculated data
throughout the measurement band, demonstrating the high accu-
racy of the analysis used. In particular, the calculated results (solid
line) and the measured results (dotted line) are in close agreement
at high frequency offsets, whereas a peak deviation of 3.1 dB at
100-Hz frequency offset is observed.

This discrepancy is mainly due to the assumption that the
contribution to the output phase noise of the phase detector noise,
the loop filter noise, and the divider noise are negligible in com-
parison with those of the ILO and the reference signal. This
assumption is not always accurate, especially for small frequency
offsets (near the carrier) where the loop has little effect on the

Figure 4 The implemented S-ILPLL

Figure 5 Phase noise measurement of the S-ILPLL

Figure 6 Output spectrum of the S-ILPLL

Figure 7 Measured data and calculated results for phase noise
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attenuation of the phase detector noise, the loop filter noise, and
the divider noise.

6. CONCLUSIONS

A modified subharmonic ILPLL for 5-GHz frequency generation
was proposed, analyzed, and tested in terms of noise and locking
range. It was found through analysis and measurements that the
system exhibits improved phase noise performance when com-
pared with conventional PLLs. Measurement results verified the
validity of the analysis with remarkable accuracy.

It was also found that driving the main S-ILPLL with a power as
low as �25 dBm at 2.5 GHz was adequate to subharmonically inject
the ILPLL composing in this way a dual-band (2.5/5 GHz) synthe-
sizer. The overall performance of the experimental design demon-
strates the applicability of the proposed approach to the development
of dual-band synthesizers, which constitute very important sub-
systems for modern multiband/multistandard transceivers.
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ABSTRACT: A small bandstop microstrip filter for ultra-wideband ap-
plication is proposed. The proposed filter combines the traditional short-
circuited stub highpass filter and the open-circuited stub bandstop filter
on the mitered 50-� microstrip line. The distributed highpass filter
scheme is applied to achieve highpass filtering characteristics over ul-
tra-wideband frequency band (3.1–10.6 GHz) and the open-circuited
stubs are used to obtain the band rejection function at Wireless Local
Area Network frequency band. The measured results show that the pro-
posed filter has a wide passband characteristic of 132.12% (2.16–10.57
GHz), with the return loss of less than �10 dB and 3-dB stop band of
14.37% (5.17–5.97 GHz). The measured group delay is less than 0.65
ns within the passband except the rejection band. © 2006 Wiley Period-
icals, Inc. Microwave Opt Technol Lett 48: 2162–2165, 2006; Published
online in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/
mop.21887

Key words: bandstop filer; microstrip filter; UWB filter; wide-passband

1. INTRODUCTION

After the Federal Communications Commission assigning the 3.1–
10.6 GHz frequency band for public communications without
license for ultra-wideband (UWB) applications, many researchers
have extensively investigated the modern indoor wireless commu-
nication system with high data transmission rate such as sensors,
radar, and tracking applications. For the reliable use of these
communication services, the design of UWB devices, such as
antennas, filters, and low noise amplifiers, is very important.
Various types of UWB antennas operating from 3.1 to 10.6 GHz
have been studied [1–3]. Because of the collocation of the UWB
frequency band with frequency band reserved for WLAN (Wire-
less Local Area Network) frequency band over 3.1–10.6 GHz,
there is a need for the wideband device to provide filtering over the
WLAN frequency band so as to avoid the possible interference
between the two systems.

The basic filter theories for highpass and bandstop filters are
extensively investigated in [4]. However, a few filters for UWB
applications have been implemented so far.

In this letter, a small bandstop microstrip filter using two
short-circuited stubs and two open-circuited stubs is suggested.
To obtain the highpass filtering characteristics over UWB fre-
quency band, the distributed highpass filter with Chebyshev
function is used. The characteristic impedance of each short-
circuited line is initially calculated as described in [5] and
modified by using 3D full-wave EM simulator [6]. The band-
stop function is achieved by using two open-circuited stubs.
The bandstop frequency band can be controlled by changing the
length of stubs.

The proposed filter has the merits of small size and easy
fabrication as well as wideband performance. Details of the pro-
posed filter design and experimental results are presented and
discussed.
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