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Fig. 3. Point source response for a square waveguide of size3� � 3� at
different discretization levels.

the first few propagating modes of the channel waveguide are shown
in Fig. 2.

To test the accuracy of the localized current source response, we
compared our results for a homogeneously filled square waveguide
with the analytic solution. A square waveguide of size3� � 3� was
discretized at three different levels (10, 20, and 30 points/�). A point
current source was placed at the center of the waveguide and the field
was computed at a distance of1� from the source. Fig. 3 plots the field
along they-axis center cut for the different discretization levels and
compares them with the analytic solution obtained using the dyadic
Green’s function for a rectangular waveguide. The results are not very
good when just ten points per wavelength are used and get worse as the
wave is propagated down the waveguide. However, at a grid density of
30 points per wavelength, excellent agreement is seen with the analytic
solution.

VI. CONCLUSIONS

We have developed an algorithm to solve the eigenvalue problem
for the sparse matrix generated by the finite-difference formulation.
The use of bi-Lanczos algorithm allows this method to be computa-
tionally competitive with other approximate methods, while the use of
the finite-difference formulation makes this method versatile enough
to handle complicated waveguide structures. We have also described
a new technique that reduces the storage requirements toO(N) and,
thus, allows us to solve problems with several 100 000 unknowns. We
have also described a scheme to solve for the localized current source
response using an extension of the SLDM technique.
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A Low-Power-Consuming SOM for Wireless
Communications

M. Ghanevati and A. S. Daryoush

Abstract—This paper presents theoretical and experimental results of a
low-power-consuming hybrid push–pull self-oscillating mixer (SOM) cir-
cuit at the UHF frequency band. The frequency-stable SOM circuit is de-
signed and fabricated using matched-pair Si bipolar junction transistors
and high- resonators, where measured phase noise of this free-running
voltage-controlled oscillator is 101.2 dBc/Hz at 100-kHz offset. A 20-dB
up-conversion gain, a compression dynamic range (CDR) of 65 dBMHz,
and a spurious-free dynamic range of 50 dB MHz are also measured
for the mixer portion of this SOM. Moreover, a down-conversion gain of

2 dB with a CDR of 100 dB MHz is also measured.

Index Terms—Low phase-noise oscillator, nonlinear modeling, push–pull
amplifier, self-oscillating mixer, Si BJT, UHF.

I. INTRODUCTION

Low-power-consuming front-end electronic circuits are important
elements in future mobile communication systems [1]. Self-oscillating
mixer (SOM) circuits that combine both local oscillators (LOs) and
mixer functions have found interests in RF transceivers since they ex-
hibit a smaller size and potentially a lower overall power consumption
[2]–[7] as opposed to their discrete counter parts. A low-power-con-
suming SOM design topology based on the push–pull concept was first
demonstrated atX-band [7] and was later modified and extended to the
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Fig. 1. Schematic diagram of the SOM for UHF frequencies.

wireless communications applications using input and output baluns
[8].

Since the LO signal in the design concepts of [6]–[9] is inherently un-
stable, injection-locked and phase-locked loop (ILPLL) approach [10]
is employed to frequency stabilize the free-running oscillators. For ex-
ample, the design approach of [8] lacks adequate LO stability and suf-
fers from a high pulling factor due to its lowQ factor; hence, injection
locking was used for its frequency stabilization. This paper presents a
hybrid circuit that is realized in the push–pull topology that is similar
to a multifunction monolithic microwave integrated circuit (MMIC) [9]
demonstrated for clock recovery applications. We propose this circuit
for implementation of a low-cost antenna front-end electronics, where
the power-efficient up- and down-converter of IF and RF signals with
stable LOs is useful. More specifically, this paper presents design, sim-
ulation, realization, and experimental results of a multifunction SOM
circuit that exhibits excellent frequency stability, low power consump-
tion, and efficient up- and down-conversion characteristics. However,
even though preliminary experimental results of this circuit were re-
ported in [11], more detailed theoretical and experimental results of
the modified circuit are provided in this paper.

II. DESIGN APPROACH

The proposed SOM circuit is based on the push–pull differential
amplifier operating in class AB as a gain block [7]–[9], as shown in
Fig. 1. A push–pull concept is effective when the matched pair transis-
tors and components are used in the circuit, which makes this design
most suitable for MMIC realization. For a hybrid prototype realiza-
tion, matched-pair Si bipolar junction transistors (BJTs) from Bipo-
larics (SOIC-8 plastic package part BTA105M2) are characterized and
their nonlinear Gummel–Poon SPICE model parameters are extracted
for design optimization (cf. [12] for the extraction procedure). As de-
picted in Fig. 1, the feedback resistorsRf sample the collector cur-
rent in transistorQ1 (Q2) and provide a positive feedback voltage to
the base of transistorQ2 (Q1). Thus, the bases of both transistors are
180� out-of-phase due to the coupling between the collector ofQ1 (Q2)
with the base ofQ2 (Q1). The class-AB push–pull amplifier provides
high gain as long as this 180� phase condition is satisfied. This phase
condition necessary for push–pull amplification is destroyed at all fre-
quencies, except at the resonant frequency of the resonant tank circuit.

Fig. 2. Measured power spectrum of the free-running oscillator at 560 MHz.
The marker shows a signal level of about 5 dBm at 560 MHz. Second and third
harmonics are also shown.

Fig. 3. Measured oscillation frequency and power level versus varactor diode’s
reverse bias voltage.

Thus, the oscillation frequency is established by the resonance condi-
tion of the parallel resonator circuit, where the resonator behaves like an
open circuit, thus isolating the bases of transistorsQ1 andQ2. Away
from the resonance condition, the 180� phase shift between the base
voltages of transistorsQ1 andQ2 is destroyed and the push–pull am-
plification condition is not satisfied. A 10-nH inductor from Coilcraft
with aQ of 85 at 900 MHz (part 0603HS-10NTJBC) is used in the
resonant tank circuit. Frequency tuning of the oscillator is achieved by
tuning the resonant frequency of the parallel resonance circuit using
a high-Q hyper-abrupt varactor diode from Alpha Industries, Woburn,
MA. 10-k
 resistors have been used as RF choke as part of dc biasing
of the varactor diode.

To achieve a low phase-noise oscillation signal, quarter-wavelength
short-circuited resonators from SMI, Osaka, Japan, are used across the
collector of transistorsQ1 andQ2. These small sizes ("r = 90) and
high-Q coaxial resonators (measuredQex = 220) enhance the overall
oscillator performance and filter out any spurious oscillation frequen-
cies. Furthermore, the high-Q resonators help the speed in which os-
cillation starts by increasing the overall frequency selectivity of the
push–pull amplifier. The presence of these resonators also helps reduce
the level of the even-order harmonics of the LO at the output port. The
large internal oscillation signal combined with the high circuit nonlin-
earity of the push–pull topology provides an efficient mixing in this
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Fig. 4. Measured power spectrum of the SOM in the case of IF signal
up-conversion. The IF signal is at 60 MHz at�40-dBm input power. (Vertical
scale of 10 dB/div span of max, resolution bandwidth of 3 MHz.)

Fig. 5. Measured power spectra of the SOM in the case of IF signal
down-conversion. The RF signal is at 440 MHz with�40 dBm input power.
(Vertical scale of 10 dB/div, span of max, and resolution bandwidth of 3 MHz.)

SOM. The input IF (RF) signal can be applied to the base of a micro-x
plastic package transistorQ3 (Bipolarics part B12V105) for mixing
with the LO signal, resulting in the RF (IF) signal at the output port.

A single-ended output has been provided by means of a 4 : 1
Guanella balun. The balun has been designed and fabricated using
36-gauge wire on a low-loss ferrite bead using a 4 : 1 ratio transformer.
The balun performance is also fitted to an equivalent-circuit model. To
provide for the option of achieving even higher frequency stability, an
additional port is also provided to force oscillation to follow spectral
purity characteristics of a reference signal using the injection-locking
process. To maintain the design symmetry in the SOM circuit and to
provide proper impedance matching, the injected signal is fed through
a balun. In addition to a single-ended output circuit shown in Fig. 1, a
circuit with two balanced output ports (not shown in Fig. 1) have been
implemented for direct integration with external components (e.g., a
buffer amplifier) mounted on printed circuit boards. These outputs,
however, have not been utilized in this experimentation.

Fig. 6. Measured RF output power and up-conversion gain versus input IF
power.

III. SIMULATION AND EXPERIMENTAL RESULTS

A hybrid version of this SOM is designed, simulated, and fab-
ricated on FR4 substrate with a measured relative dielectric con-
stant of 4.25 and a thickness of 29 mil. All the lumped compo-
nents and active devices are surface-mount components and their
equivalent-circuit models are fully developed to accurately simulate
this SOM. The nonlinear SPICE parameters for both BJT packaged
transistors (i.e., BTA105M2 and B124105) have been extracted and
an excellent match between the measured and simulated dcI–V
curves have been achieved. Furthermore, the extracted nonlinear
parameters and package parasitic have been successfully verified
through full two-portS-parameter measurements at various classes
of operation (cf. [12]). The SOM performance is simulated using
a commercial nonlinear microwave computer-aided design (CAD).
The class-AB operation ofQ1 and Q2 with the transistorQ3 as
a current source consumes only 38-mW power using a 5-V-bat-
tery supply. The measured and simulated bias current values for
the circuits agree very closely. The measured results also indicate
a closely matched operation for the differential transistor pairsQ1

and Q2. Both simulated and measured results indicate that as a
result of the external coaxial resonators, the oscillation starts at a
faster rate with higher output power with a lower close-in to car-
rier phase noise compared to earlier topologies [7], [8].

Experimental results associated with the oscillator portion of the
SOM are first reported. The power spectrum for the measured free-run-
ning oscillator is depicted in Fig. 2. This figure depicts the first three
harmonics of the free-running oscillator at 560 MHz. These results gen-
erally match with the corresponding harmonic-balance (HB) simulator
results of 1.85,�24.2, and�18.5 dBm. The difference is primarily
due to the loading effect of the injection port used in the HB simulator.
Although the injection port shown in Fig. 1 was implemented in the
prototype circuit, it was not utilized for stabilization of the oscillator
due to its low incidental FM noise.

The measured close-in to carrier phase noise at offset frequencies
of 10 and 100 kHz are�80 and�101 dBc/Hz, respectively. However,
the injection port could be used to achieve even further frequency sta-
bility. By changing the varactor diode reverse bias from 1.4 to 4.4 V,
the frequency of oscillation is tuned from 480 to 570 MHz without any
adverse FM noise degradation or power variation, as depicted in Fig. 3.
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TABLE I
HB SIMULATION RESULTS FOR THEUP/DOWN MIXING OF THE SOM

Note a linear frequency tuning with a sensitivity of 20 MHz/V at var-
actor diode reverse bias of about 3.5 V.

Next, mixing characteristics of this SOM are reported. Both the up-
and down-conversion are measured as a function of input IF and RF
power. The measured power spectrum of the up-converted IF signal at
500 MHz for an input IF signal at 60 MHz is depicted in Fig. 4. The
simulated plot obtained from HB simulator (not shown here) predicts
an up-conversion gain of about 18 dB versus the measured gain of 20
dB. The above results are very close. The measured power spectrum
of the down-converted RF signal at 60 MHz for an input RF signal
at 440 MHz is depicted in Fig. 5, indicating a gain of�2 dB. The
down-conversion mixing gain is suffered as a result of using external
coaxial resonators at the output of the SOM circuit. Moreover, a strong
LO signal is present at the output. The LO signal can be removed for
the down-conversion case using a low-pass filter. However, in the case
of up-conversion, a high-order filter is required to separate LO and RF
and design of small-size bandpass filter is a challenge.

The simulated conversion gain is about 2 dB. Table I summarizes
the simulated values for up- and down-conversion mixing of the SOM
using an HB simulator (Series IV), where the predicted results, in
general, matches with the measured results. The measured output
RF power and up-conversion gain versus input IF power is depicted
in Fig. 6. The corresponding plot for the down-conversion mixing is
reported in [12]. The simulated results also show strong presence of
an LO signal.

Intermodulation distortion (IMD) measurement was also performed
on the up-converted mixer. The measured 1-dB compression point and
the intercept point (IP-3) are�27 and�2 dBm, respectively. The mea-
sured noise figure of this SOM is about 1.9 dB. A compression dynamic
range (CDR) of 65 dB� MHz and a spurious-free dynamic range of
50 dB � MHz2=3 were obtained from measurement for a 1-MHz re-
ceiver bandwidth.

IV. CONCLUSIONS

An SOM topology is reported in this paper that operates with high-
conversion gain at UHF frequency bands. In addition to its high-con-
version gain, this SOM topology exhibits an extremely low power con-
sumption and low close-in to carrier phase noise. However even though,
for further frequency stabilization, injection locking ports are incor-
porated in the design, it was not exploited due to its excellent fre-
quency stability. The proposed design topology is attractive for antenna
front-end transceiver modules in use by many handheld mobile com-
munication units, such as pagers, smart cards, and wireless modems.

Moreover, this topology is suitable as an integral part of clock recovery
circuits for high-throughput encoding protocol (e.g., 8B 10B and S-20)
with speeds as high as 10 Gb/s. The only disadvantage of this SOM cir-
cuit as a mixer appears to be is its low RF/LO isolation, which can be
improved with proper filtering.
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