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Reduction of Intermodulation Distortion in
Microwave Active Bandpass Filters—
Theory and Experiments

Kwok-Keung M. ChengMember, IEEEand Siu-Chung Chan

Abstract—This paper examines, both theoretically and experi- Ca
mentally, the dependency of the third-order intermodulation (IM) ’—1 I I

distortion and power saturation upon circuit and device parame- ‘»
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ters of an active bandpass filter using negative-resistance compen- 7 §
Fig. 1. Lossless lumped-element bandpass filter.

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.

sation. Nonlinear analysis is performed by means of the Volterra é
Vs

Index Terms—ntermodulation distortion, microwave active fil-
ters, Volterra series.
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I. INTRODUCTION

ARROW-BAND filters are widely used in microwave % §
. ) . R Co |FET R, Co |FET
systems. Conventionally, these filters have been built ] Zo

circuit - circuit
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, €actor Fig. 2. Lossy filter with negative-resistance compensation.
of the on-chip inductors is typically low and, hence, passive
narrow-band MMIC filters usually exhibit high insertion lossof an active bandpass filter using MESFET devices may be
and poor selectivity. Moreover, the performance of tunabigptimized. The active filter circuit has been analyzed by the
narrow-band MMIC filters is degraded further by the lowplterra-series approach [5] and the main formulas are given
Q-factor of on-chip varactors. In recent years, the negative-figr indicate how the in-band third-order IM distortion can be
sistance techniques [1]-{3] have been proposed for userétluced by proper circuit design and choice of component
MMIC filters to compensate for component losses, especialjglues.
of the spiral inductors. These techniques enable the design of
microwave actiy © filters with zero insertio_n loss and e"_ce"eﬂf. ACTIVE BANDPASSFILTERS USING NEGATIVE-RESISTANCE
channel selectivity. However, due to the inherent nonlinearity CIRCUITS
of active device, undesirable intermodulation (IM) distortion
can be produced when two or more signals are applied to théAmong the many active filter topologies, the direct coupling
filter simultaneously. Particularly, the third-order IM distortiorof negative-resistance circuits to a coupled-resor{dtor) filter
has severe effects on the performance of most communicatiéh-[3] has been widely studied due to its simplicity in structure.
systems. Thus, minimization of IM distortion is often a critica¥Vithout loss of generality, the lumped-element second-order
requirement. Recently, a few reports have been published pAndpass filter topology [6], shown in Fig. 1, is used in the
on the study of IM distortion in microwave active filters byanalyses (for design equations, see the Appendix). Such a con-
computer simulations. Yet, a systematic approach is |ackiﬁgurati0n is well-suited for MMIC implementation because it
In this paper, we show, both theoretically and experimentall§pes not require large distributed elements. Fig. 2 shows how
how the intermodulation and power saturation performanceggative-resistance circuits may be employed to compensate for
the inductor losses. The negative-resistance circuit (Fig. 3) ba-
sically comprises a MESFET, a feedback capaditgrand an
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MESFET and
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— The solutions of (4) are given by
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whereC 4y andCy_y are the two possible roots alig ., >
Fig. 3. Equivalent model of the FET circuit. Cf(_) provided that
Gm1 > 490 (7)
2
. Cr>—2 ®)
S 4
J woy/1— =
Cheg < Cs. 9)
025 2 375 55 7.25 9 . IM A NALYSIS
. C;/CT C In order to carry out the two-tone IM analysis of the active
filter, the following assumptions have been made.
Fig. 4. Variations offts.c,g0 versusC; /Cr ands. 1) The filter is operated well below saturation. In this weakly

_ _ . o nonlinear case, the Volterra series is valid and only non-
ative resistance and capacitance generated by the FET circuitare |inear transfer function up to the third-order is retained in

given by the formulation.
2 N2 2) The MESFET is modeled by a simple equivalent circuit
(%) + (1 + C—;) in which the controlled drain current source are the only
Rpeg = c; 1) nonlinear element. The drain-to-source currggtis ap-
goey proximated by
C CT ids = Om1Vgs + gnl?”és + grn3vgs
Cheg = <1 + C—f> R (2 whereg, .1, gm2 andg,,s are bias-dependent coefficients.
T/ ineglo Note that the nonlinear effect of the gate—source junc-
where tion capacitance is usually negligibly small, in compar-
o = ImL ison with the mixing contributions associated withs at
go a low gigahertz frequency range.
8= woCr 3) The generation of high-order mixing products caused
g0 by the interactions between the nonlinearities of
Or = Cgs + Coxt different FET circuits are neglected here. This is jus-
1 O’R tified by the fact that the first-order mixing products
g T (dc,w; + wo, 2wy, 2w>) are very small due to the low

and wy is the center frequency of the passband. For illustra-  shunting impedance of the resonator at these frequencies.
tion, the variations ofR,..sg0 as a function ofC;/Cr and 3 As aresult, the IM distortion power delivered to the load can
(for o = 8) is plotted in Fig. 4. Generally speaking, the valuebe expressed as

of Ry, andCy, are both frequency dependent and, thus, this 1 L2

technique is usable only for narrow-band applications. To pro- Pin (201 — w2) = 200Ch i + dima| (10)
ceed, the lossy inductor is modeled as a parallel combinationgerei;,,; andi;..» are the IM distortion currents generated by
aresisto R ~ Q*R,) and a lossless induct¢f. ~ L, ), under the individual FET circuit (Fig. 5). By applying the Volterra-
the assumption thap > 1 (Q = woL,/R,). Also, in order series concepts and the method of nonlinear currents [5], the
to have the exact cancellation of the inductor loss by the negalowing expressions may be derived:

tive-resistance circuit, the necessary condition is given as .
'Lim(2wl - w2)

Rpeggo = 1. (3) = K3(2w1 — wa) {2025 K(2w1)
As aresult, (1) and (2) may be rewritten as 142, Ko(w1 — ws) + 3¢ 3}

Cr\ o _ Gy V2V
<1 + C—T> + /3—2 = OcC—T (4) % Kl(wl)QKl(—(«UQ) 18 7 (11)
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2 2 Zo) o where V,.; and V,., are the fundamental coefficients of the
T corresponding voltages across the resonators (Fig. 5). For the
narrow-band filter under consideration, it can further be shown
Fig. 6. IM analysis—FET circuit model. that [6]
Vie = Vi
V. 2
|V}1|2 —_ | S|
4woCbZ0
Cr hence,
Ki(w) = s (12) P (201 — w3) = —— | G2V |°
14 & bgrnl im 1 2) — CUOCb rl
C(T jCUCT _ 2 | |2 |‘/5|6
-1 e (4woCyZo)?
KQ w) = - - (13) 4
( ) Iml +jWOT +chf + Y;(w) = 2 |G|2P3
WOCb mn
Ks(w) = - (14) 64w Lt (o )4 B )" (G ) g
= e W . _ A
1+ & + gm1 0T ABW 8 a?Cr w
Cr  jwCr (17)

wherei;, (201 — w2) is the IM distortion currents produced b where BW is the bandwidth of the filter, ad, is the available

the nonlinear circuit model, shown in Fig. 6. Note that no sudAPut power. Furthermore, the third-order intercept point of the

information as the phase relationship between the two input sfier can be derived as

nals is required, given the way this problem is formulated. fp3 (dBm) = 30 — 201log (2\/§woLr&)

practice, the third-order mixing term associatgg is usually BW

less than one-tenth of the term containifgs. Moreover, as —%0log <3|gm3|> — 20log < Cf ) . as)

the frequency separation between the two input signals is small 8 a?Cr

(w1 = w2 &~ wg) andZ,(w) = 0 at low frequencies. Conse-The above expression reveals the influence of device parame-

quently, (11) may be simplified as ters, component values, and filter characteristics on the IM per-
formance of the filter circuit as follows.

1) Fig. 7 shows the plot &0 log(C}/a?Cr) as a function

tim(2w1 — w2) & GV,?V,?k

where of @ and 3, in combined with (6). It can be seen from
3 the diagram thal’;_ should be chosen for low IM dis-
G = 29m3 K1 (wo)? K1 (—wo) K3(wo). (15) tortion requirements. Furthermore, the IM distortion level
8 decreases with increasing(g,,1) and3 (Cr) values.
Combining (4) and (12)—(15), we obtain 2) Losses within the passive part of the filter, characterized

by the inductorQ-factor, have a direct effect on the IM
performance. Equation (17) indicated that IM distortion

2
C -

G = 5 (16) level decreases with increasingifactor (decreasing).
8 o 3) The bandwidth of the filter has a strong effect on dis-
Consequently, (10) can be rewritten as tortion generation (to the fourth-power), although the in-
1 D > w12 (12 ternal voltages within a resonator are only scaled in in-
Pin (201 —w2) = 20C) VAV + VRV 16 verse proportion to its bandwidth.
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Fig. 8. Variations ofH as a function ofx and 5.
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4) g1 andg,,3 are bias-dependent coefficients, and it might
be possible to further reduce distortion by changing the 600 700 8?:(; ujr?g /MT:ZOO 1100 1200
bias condition of the MESFET device. Circuit B quency
0
IV. GAIN COMPRESSIONANALYSIS 207
. . . . . . 20 1 S2
Any transistor is inherently nonlinear and will be driven into % 30 4
saturation as the input power level is increased. Following the 20l
same procedure described previously, a formula for the gain | 501 st
compression factor of the active filter can be derived as =0 w/
60 , ‘ ‘ . . !
2
_ . 2 600 700 800 900 1000 1100 1200
G.C.(dB) = ~20log |1 + G <w00b> B (19) Circuit C Frequency /MHz

Furthermore, the above expression may be approximated by

2 Fig. 9. Measured frequency responses of experimental active filters.
2
G.C. (dB) = —201og{1 + 2Re[q] < o ) P } (20)

w .
o two synthesized frequency sources offset by 5 MHz close to

provided that the filter is operated below the 1-dB gain comhe center of the filter passband. IM products generated by the

pression point. The above expression can be reduced to  system was checked to be negligibly small relative to those pro-

3Gm3 2 \? duced by the filter circuit. Without compensation, the passive
() b @y

G.C. (dB) =~ —20log {1 + design was found to have an insertion loss of about 9 dB, with

§ “0C a center frequency of around 900 MHz. The valugipfs es-
where timated to be approximately 3 mS. Fig. 9 shows the measured
c\? a2 frequency response of the three fabricated filter circuits with a
- (1 + @) e (22) device drain curreni,; of 4 mA (¢,,1 ~ 25 mS and, hence,
o s ) a =~ 8). The design parameters of these filters are given below.
Circuit A:

The variations o as a function ofr and/3 has been evaluated

and plotted in Fig. 8. Note that, in practice, the signy@f; is Coxt =2pHB=4.5),  with Cp = Cyyy = 10 pF.
usually negative, which causes gain compression at low inputCjrcuit B:

power level. It can be observed from the diagram that the power _ s . . o
saturation effect is strong ¥ is used in the calculations. In let N 2PHA % 45), with €y = Cy(—) = 1.5 pF.
addition, whenC’;_) is assumed anet> 7.5, the term in (21) ~ Circuit C:

containingH is small and almost independent of the value of (¢, =4 PR3 ~ 9), with Cy = Cy_y = 1 pF.

P (Cr). All measurements were performed at the same bias condi-

tions (I4, and V), thus keeping the values @f,; and g,.3
unchanged. Gain compression and two-tone IM measurements
In order to verify the validity of the above theory, singlewere conducted for various input power levels ranging frdi@
and two-tone measurements were performed on an experimetda8 dBm, and the results are given in Figs. 10 and 11. The
filter constructed using lumped components. The negative-resiseasured IM performances of Circuits A and B indicated that a
tance circuits employed here consist of Siemens CFY 30 Gasgignificant improvement (>20 dB) can be attained by properly
MESFET’s and chip capacitors connected between the gate ahdosing the value of the feedback capacitor. A further reduc-
source terminals. The test setup for the measurement comprisas of the IM distortion level (about 10-dB improvement) has

V. EXPERIMENTS AND DISCUSSIONS
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10 narrow-band assumption, the component values can be calcu-
~ 97 Fundamental lated by [6]
g -10 - 3rd-order IM 1
S -20- woCypr = 7 (A1)
S 307 . wolsy
£ -40 7 Cro=100F 1 o — w
=3 woCy = ( v L) (A2)
5 -60 - Py 1.414wo L, wo
o ] Coe=4pF
-70 Cr=1pF
-80 1 [ woChZo
-90 T T T T T T — T T T T T CUOCQZO = m (A3)
18 14 10 -6 -2 2 6 0&b 20
Co
Input Power (dBm) C.=C,-Cy— ———— (A4)

1+ (wocaZ0)2

Fig. 10. Measured third-order IM distortion performances of experiment{;\yherewL wyr, andw, are the lower cutoff, upper cutoff , and
active filters. P . : '
Vel center frequencies (radian per second) of the passband charac-
teristics, respectively.
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APPENDIX

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




