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Abstract—This paper examines, both theoretically and experi-
mentally, the dependency of the third-order intermodulation (IM)
distortion and power saturation upon circuit and device parame-
ters of an active bandpass filter using negative-resistance compen-
sation. Nonlinear analysis is performed by means of the Volterra
series formulation. We show that the IM distortion can be reduced
by several orders of magnitude with suitable choice of external
gate–source and feedback capacitance values. Measured perfor-
mances of some 900-MHz experimental MESFET bandpass filters
are presented.

Index Terms—Intermodulation distortion, microwave active fil-
ters, Volterra series.

I. INTRODUCTION

NARROW-BAND filters are widely used in microwave
systems. Conventionally, these filters have been built

as hybrid microwave integrated circuits (MIC's) based upon
distributed or lumped components. The development of mono-
lithic-microwave integrated-circuit (MMIC) technology offers
the attractive advantages of size reduction and higher functional
integration. However, at microwave frequencies, the-factor
of the on-chip inductors is typically low and, hence, passive
narrow-band MMIC filters usually exhibit high insertion loss
and poor selectivity. Moreover, the performance of tunable
narrow-band MMIC filters is degraded further by the low

-factor of on-chip varactors. In recent years, the negative-re-
sistance techniques [1]–[3] have been proposed for use in
MMIC filters to compensate for component losses, especially
of the spiral inductors. These techniques enable the design of
microwave active filters with zero insertion loss and excellent
channel selectivity. However, due to the inherent nonlinearity
of active device, undesirable intermodulation (IM) distortion
can be produced when two or more signals are applied to the
filter simultaneously. Particularly, the third-order IM distortion
has severe effects on the performance of most communication
systems. Thus, minimization of IM distortion is often a critical
requirement. Recently, a few reports have been published [4]
on the study of IM distortion in microwave active filters by
computer simulations. Yet, a systematic approach is lacking.
In this paper, we show, both theoretically and experimentally,
how the intermodulation and power saturation performances
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Fig. 1. Lossless lumped-element bandpass filter.

Fig. 2. Lossy filter with negative-resistance compensation.

of an active bandpass filter using MESFET devices may be
optimized. The active filter circuit has been analyzed by the
Volterra-series approach [5] and the main formulas are given
to indicate how the in-band third-order IM distortion can be
reduced by proper circuit design and choice of component
values.

II. A CTIVE BANDPASSFILTERS USING NEGATIVE-RESISTANCE

CIRCUITS

Among the many active filter topologies, the direct coupling
of negative-resistance circuits to a coupled-resonator filter
[1]–[3] has been widely studied due to its simplicity in structure.
Without loss of generality, the lumped-element second-order
bandpass filter topology [6], shown in Fig. 1, is used in the
analyses (for design equations, see the Appendix). Such a con-
figuration is well-suited for MMIC implementation because it
does not require large distributed elements. Fig. 2 shows how
negative-resistance circuits may be employed to compensate for
the inductor losses. The negative-resistance circuit (Fig. 3) ba-
sically comprises a MESFET, a feedback capacitor, and an
external gate-to-source capacitor . In the figure, rep-
resents the circuit impedance of the biasing network, which be-
haves as an open circuit at high frequencies. The equivalent neg-
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Fig. 3. Equivalent model of the FET circuit.

Fig. 4. Variations ofR g versusC =C and�.

ative resistance and capacitance generated by the FET circuit are
given by

(1)

(2)

where

and is the center frequency of the passband. For illustra-
tion, the variations of as a function of and
(for ) is plotted in Fig. 4. Generally speaking, the values
of and are both frequency dependent and, thus, this
technique is usable only for narrow-band applications. To pro-
ceed, the lossy inductor is modeled as a parallel combination of
a resistor and a lossless inductor , under
the assumption that . Also, in order
to have the exact cancellation of the inductor loss by the nega-
tive-resistance circuit, the necessary condition is given as

(3)

As a result, (1) and (2) may be rewritten as

(4)

and

(5)

The solutions of (4) are given by

(6)

where and are the two possible roots and
provided that

(7)

(8)

(9)

III. IM A NALYSIS

In order to carry out the two-tone IM analysis of the active
filter, the following assumptions have been made.

1) The filter is operated well below saturation. In this weakly
nonlinear case, the Volterra series is valid and only non-
linear transfer function up to the third-order is retained in
the formulation.

2) The MESFET is modeled by a simple equivalent circuit
in which the controlled drain current source are the only
nonlinear element. The drain-to-source currentis ap-
proximated by

where and are bias-dependent coefficients.
Note that the nonlinear effect of the gate–source junc-
tion capacitance is usually negligibly small, in compar-
ison with the mixing contributions associated with at
a low gigahertz frequency range.

3) The generation of high-order mixing products caused
by the interactions between the nonlinearities of
different FET circuits are neglected here. This is jus-
tified by the fact that the first-order mixing products
(dc ) are very small due to the low
shunting impedance of the resonator at these frequencies.

As a result, the IM distortion power delivered to the load can
be expressed as

(10)

where and are the IM distortion currents generated by
the individual FET circuit (Fig. 5). By applying the Volterra-
series concepts and the method of nonlinear currents [5], the
following expressions may be derived:

(11)
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Fig. 5. IM analysis—filter circuit model.

Fig. 6. IM analysis—FET circuit model.

(12)

(13)

(14)

where is the IM distortion currents produced by
the nonlinear circuit model, shown in Fig. 6. Note that no such
information as the phase relationship between the two input sig-
nals is required, given the way this problem is formulated. In
practice, the third-order mixing term associated is usually
less than one-tenth of the term containing . Moreover, as
the frequency separation between the two input signals is small

and at low frequencies. Conse-
quently, (11) may be simplified as

where

(15)

Combining (4) and (12)–(15), we obtain

(16)

Consequently, (10) can be rewritten as

Fig. 7. IM distortion factor as a function of� and�.

where and are the fundamental coefficients of the
corresponding voltages across the resonators (Fig. 5). For the
narrow-band filter under consideration, it can further be shown
that [6]

hence,

(17)

where BW is the bandwidth of the filter, and is the available
input power. Furthermore, the third-order intercept point of the
filter can be derived as

(dBm)

(18)

The above expression reveals the influence of device parame-
ters, component values, and filter characteristics on the IM per-
formance of the filter circuit as follows.

1) Fig. 7 shows the plot of as a function
of and , in combined with (6). It can be seen from
the diagram that should be chosen for low IM dis-
tortion requirements. Furthermore, the IM distortion level
decreases with increasing and values.

2) Losses within the passive part of the filter, characterized
by the inductor -factor, have a direct effect on the IM
performance. Equation (17) indicated that IM distortion
level decreases with increasing-factor (decreasing ).

3) The bandwidth of the filter has a strong effect on dis-
tortion generation (to the fourth-power), although the in-
ternal voltages within a resonator are only scaled in in-
verse proportion to its bandwidth.
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Fig. 8. Variations ofH as a function of� and�.

4) and are bias-dependent coefficients, and it might
be possible to further reduce distortion by changing the
bias condition of the MESFET device.

IV. GAIN COMPRESSIONANALYSIS

Any transistor is inherently nonlinear and will be driven into
saturation as the input power level is increased. Following the
same procedure described previously, a formula for the gain
compression factor of the active filter can be derived as

G.C. (dB) (19)

Furthermore, the above expression may be approximated by

G.C. (dB) (20)

provided that the filter is operated below the 1-dB gain com-
pression point. The above expression can be reduced to

G.C. (dB) (21)

where

(22)

The variations of as a function of and has been evaluated
and plotted in Fig. 8. Note that, in practice, the sign of is
usually negative, which causes gain compression at low input
power level. It can be observed from the diagram that the power
saturation effect is strong if is used in the calculations. In
addition, when is assumed and , the term in (21)
containing is small and almost independent of the value of

.

V. EXPERIMENTS AND DISCUSSIONS

In order to verify the validity of the above theory, single-
and two-tone measurements were performed on an experimental
filter constructed using lumped components. The negative-resis-
tance circuits employed here consist of Siemens CFY 30 GaAs
MESFET’s and chip capacitors connected between the gate and
source terminals. The test setup for the measurement comprises

Fig. 9. Measured frequency responses of experimental active filters.

two synthesized frequency sources offset by 5 MHz close to
the center of the filter passband. IM products generated by the
system was checked to be negligibly small relative to those pro-
duced by the filter circuit. Without compensation, the passive
design was found to have an insertion loss of about 9 dB, with
a center frequency of around 900 MHz. The value ofis es-
timated to be approximately 3 mS. Fig. 9 shows the measured
frequency response of the three fabricated filter circuits with a
device drain current of 4 mA ( mS and, hence,

). The design parameters of these filters are given below.
Circuit A:

pF with pF

Circuit B:

pF with pF

Circuit C:

pF with pF

All measurements were performed at the same bias condi-
tions ( and ), thus keeping the values of and
unchanged. Gain compression and two-tone IM measurements
were conducted for various input power levels ranging from−18
to 8 dBm, and the results are given in Figs. 10 and 11. The
measured IM performances of Circuits A and B indicated that a
significant improvement (>20 dB) can be attained by properly
choosing the value of the feedback capacitor. A further reduc-
tion of the IM distortion level (about 10-dB improvement) has
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Fig. 10. Measured third-order IM distortion performances of experimental
active filters.

Fig. 11. Measured gain compression performances of experimental active
filters.

also been demonstrated by using a larger value of (Circuit
C). Moreover, the power measurements has also shown an in-
crease in input power requirements at a 1-dB compression point
for filter Circuits B and C.

VI. CONCLUSION

A new technique to reduce the in-band third-order IM distor-
tion in active bandpass filters using negative-resistance circuits
is presented. A simple expression relating the IM distortion to
circuit and device parameters has been formulated based upon
the Volterra series method. Experimental results confirmed that
the third-order IM distortion is strongly dependent on the values
of the feedback capacitors and the external gate-to-source ca-
pacitor. The formulas also suggested that a further reduction of
the IM distortion may be attained in these filters by employing
an MESFET of large transconductance value and inductors of a
high -factor. The method of analysis described here can easily
be extended to the design of higher order active filters.

APPENDIX

This Appendix provides the design equations for the second-
order Butterworth bandpass filter shown in Fig. 1. Under the

narrow-band assumption, the component values can be calcu-
lated by [6]

(A1)

(A2)

(A3)

(A4)

where , , and are the lower cutoff, upper cutoff , and
center frequencies (radian per second) of the passband charac-
teristics, respectively.
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