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Noise Performance of Negative-Resistance
Compensated Microwave Bandpass
Filters—Theory and Experiments

Kwok-Keung M. Cheng, Member, IEEE,and Hil-Yee Chan

Abstract—This paper examines both theoretically and experi-
mentally the dependency of in-band noise performance upon cir-
cuit and device parameters of microwave filters employing nega-
tive-resistance compensation. By neglecting the influence of the in-
duced gate noise source, a general expression for evaluating the
noise figure of a second-order active filter is derived as a func-
tion of design parameters such as the transistor’s noise figure, in-
ductor’s quality factor, and filter’s bandwidth. In addition, factors
affecting the optimization of the overall noise figure of these filters
are discussed. For verification, the measured performance of two
900-MHz experimental MESFET filters are included.

Index Terms—Microwave active filters, negative-resistance,
noise figure.

I. INTRODUCTION

FOR FULLY integrated microwave transceivers, there is
considerable interest in filter design for monolithic-mi-

crowave integrated-circuit (MMIC) realization. Unfortunately,
at microwave frequencies, thefactor of the on-chip inductors
is typically low and, hence, passive MMIC filters usually
exhibit high-insertion loss and poor selectivity. In recent years,
the negative-resistance techniques [1], [2] 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. While active filters have
the major advantages of small size with high selectivity, their
limitations in terms of the power handling and noise figure
have not received close attention. In fact, only a few reports
have been published [3], [4] on the study of noise performance
of microwave active filters. In this paper, the in-band noise
behavior of a second-order bandpass filter employing negative
resistance compensation is investigated. Analytical expressions
are derived to relate the overall noise figure of the filter to
various circuit and device parameters such as the transistor’s
noise figure, inductor’s factor, filter’s bandwidth, etc.
These equations also provide a good understanding of the
fundamental limitations in attaining low noise-figure values in
microwave active filters. Finally, the measured and predicted
noise performances of two experimental filter circuits operating
at 900 MHz are shown for comparison.
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Fig. 1. Lossless lumped-element bandpass filter.

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

II. A CTIVE FILTERS EMPLOYING NEGATIVE-RESISTANCE

CIRCUITS

Among the many active filter topologies, the direct coupling
of negative-resistance circuits to a coupled-resonator (LC) filter
[1], [2] has been widely studied due to its simplicity in structure.
Without loss of generality, the lumped-element second-order
bandpass filter topology [5], 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 . Note that the value of

is frequency dependent and, thus, this technique is usable
only for narrow-band applications. Under the assumption that

, where , the condition for exact cancel-
lation of the inductor loss by the negative-resistance circuit has
been shown elsewhere [6] as

(1)
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Fig. 3. Noise model of the negative-resistance circuit.

Fig. 4. Noise analysis: filter circuit model.

Subsequently, the value of may be evaluated by the fol-
lowing equation:

(2)

where

It can be seen that there are two possible solutions for, la-
beled by and , provided that

(3)

and

(4)

III. N OISE ANALYSIS

In order to perform the noise analysis of the active filter, the
MESFET is assumed to be modeled by the equivalent circuit
shown in Fig. 3, in which the drain noise current () is the
only noise source being considered here. Note that the induced
gate noise current is ignored due to its relatively small value at
a low gigahertz frequency range. As a result, the expression for
the 50- (i.e., unmatched) noise figure of the FET can be written
as

(5)

where is the Boltzmann’s constant, K, and is the
bandwidth of the measuring system. Given that ,
the inherent noise power generated by the device may, therefore,
be determined by the following equation:

(6)

In addition, the relationship between the short-circuit noise cur-
rent ( ) of the negative-resistance circuit (Fig. 3) and the in-
ternal noise current of the FET ( ) can be formulated as

(7)

For the narrow-band filter under consideration, the equiva-
lent circuit shown in Fig. 4 may thus be used for evaluating the
overall in-band noise behavior of the filter, including both the
noise contributions from the loss resistances of the inductors, as
well as the current noise generated by the FETs. Based upon the
linear circuit theory, the overall noise figure and insertion loss
of the compensated filter, at any spot frequency () within the
3 –dB bandwidth ( ), can, therefore, be derived as

(8)

(9)

where
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is the effective shunt susceptance of the resonant circuits.
Furthermore, with reference to the Appendix, we have

(10)

Combining (8) and (10), we obtain

(11)
Finally, by substituting (6) and (7) into (11), the in-band noise
figure of the filter may be expressed as follows:

where

(12)

The above expression reveals the influence of circuit and device
parameters on the overall noise performance of the filter circuit.

1) The value of has a direct effect on the noise
figure, especially when the FET is the dominant noise
source. This formula suggested that a large value of
should be chosen [i.e., ] for the improved noise per-
formance.

2) Losses within the passive part of the filter, character-
ized by the inductor factor, have a strong effect on the
overall noise behavior. Equation (12) indicated that the
noise figure decreases with increasingvalue.

3) The overall noise figure of the filter is a direct function of
the center frequency-to-bandwidth ratio ( ).

4) Minimum noise figure occurs at midband and it increases
with increasing offset frequency within the 3-dB band-
width.

5) If the noise contribution from the active device is assumed
to be negligibly small, the theoretical noise figure of the
filter can be stated as

(13)

IV. EXPERIMENTS AND DISCUSSIONS

In order to verify the validity of the above theory, noise-figure
measurements were performed on experimental filters con-
structed using lumped components. The negative-resistance
circuits employed here consist of a Siemens CFY 30 GaAs
MESFET ( dB) with chip capacitors ( pF)
connected between the gate and source terminals. In the
absence of the FET circuits, the passive design was found to
have an insertion loss of about 10 dB, with a center frequency
of around 900 MHz. Using the design equation given in the
Appendix, the value of was estimated to be approximately
2.8 mS ( nH, , ).

Fig. 5 shows the measured small-signal frequency responses
of the two fabricated filter circuits, with almost zero insertion
loss at midband, at a device drain current of 12 mA, and

Fig. 5. Measured frequency responses of the experimental active filters.

Fig. 6. Predicted and measured noise-figure curves versus frequency.
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TABLE I
COMPARISON OFCALCULATED AND MEASUREDNOISE-FIGURE VALUES

0 mS (hence, ). In the experiments, noise-
figure measurements were conducted for both circuits and the
results are plotted in Fig. 6 for illustrative purposes. For com-
parative purposes, both the predicted and measured midband
noise-figure values of the filters are tabulated in Table I. It can
be seen from this table that the discrepancies between the calcu-
lated and experimental data are small (less than 0.5 dB). In ad-
dition, the variations of the noise figures within the 3-dB band-
width is in good agreement with the derived expression.

V. CONCLUSIONS

A systematic study of the in-band noise behavior of negative-
resistance compensated bandpass filters has been presented in
this paper. A general analytical expression governing the overall
noise figure of the filter as a function of circuit and device pa-
rameters has been developed. This formula suggested that fur-
ther improvement of noise performance may be achieved by
compromising linearity [6]. Good agreement is observed be-
tween the predicted and measured noise-figure values for both
experimental filters. Finally, the method of analysis described
here can easily be extended to higher order active filter design.

APPENDIX

Here, we provide the design equations for the Butterworth
bandpass filter shown in Fig. 1. Under the narrow-band assump-
tion, the component values can be evaluated by the following
expressions [5]:

(A1)

(A2)

(A3)

(A4)

(A5)

where , , and are the lower cutoff, upper cutoff, and
center frequencies (in radians per second) of the passband char-
acteristics, respectively. Furthermore, , the insertion loss of the
filter may be calculated by

(A6)
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