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A Design Theory for Wide-Band Parametric Amplifiers

SHUNICHIRO EGAMI, MEMBER, IEEE

Abstract—A new exact design theory for a nondegenerate para-

metric amplifier with double-tuned signal circuit and single-tuned -

idler circuit is described. If the resistance of the signal circuit,
which is neglected in previous papers, is considered, there exists a
frequency band in which the amplifier gain is positive. In this paper
the band characteristics of the gain are related to this frequency
band. Slope parameters of the idler and signal circuits are nor-
malized by the slope parameters which are associated with the
diode itself. These normalized slope parameters are used to relate
the actual circuit and gain-bandwidth characteristics. The slope
parameter of the external signal resonator is related to the negative
slope parameter of the diode, and bounds on this ratio are given
over which stable amplification is possible. A design table which
gives the coupling ratio and slope parameter of the external signal
resonator is derived by computer calculation. Experiments were
made at 19 GHz. Positive-gain bandwidth was around 4.0 GHz,
and flat bandwidth at 10-dB gain was 2.4 GHz. The ratio of these
bandwidths coincided with the theory.

I. INTRODUCTION

HE idler resonant circuit of a parametric amplifier

(paramp) is converted to a parallel resonant circuit
(resonant at the signal frequency) with the negative
conductance and negative susceptance slope parameter by
the pumped nonlinear capacitance. The frequency re-
sponse of this parallel resonant circuit can be compensated
by an external parallel resonant circuit with a positive
susceptance slope parameter. By this compensation, the
flat bandwidth of the amplifier can be greatly increased.
This procedure is a prerequisite to the design of wide-band
paramps. If this is not undertaken, the full paramp band-
width capability is not exploited.

DeJager [1] caleulated the gain—bandwidth product of a
paramp with a single-tuned signal and single-tuned idler
circuit and the limiting gain-bandwidth product with
single-tuned idler circuit. Connors [2] supplemented his
work calculating maximally flat bandwidth with a single-
tuned idler and a double-tuned signal circuit. In these
papers, the loss in the signal circuit (series resistance of the
diode: R.) is neglected in order to get a simple gain-—
frequency expression. This can cause considerable error,
especially when the signal circuit slope parameter is
relatively low.

Getsinger [ 3] calculated the element value of the proto-
type signal circuit with prescribed gain and ripple. How-
ever, he also neglected the signal circuit loss R, and did not
consider the presence of the parallel resonant circuit with
a negative slope parameter. If his method is applied to the
paramps, the first element of the prototype circuit must be
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negative, which is not included in his table. Therefore, his
"design table is inapplicable to an optimum wide-band
paramp design.

If signal circuit loss R, is considered, there exists a
limited frequency band over which amplifier gain is
positive (in decibels). This frequency band corresponds
to the band in which the real part of the pumped varactor
impedance, presented to the circulator, is negative. This
frequency limit does not exist if the signal circuit loss is
neglected because, in this case, the real part of the im-
pedance presented to the circulator is always negative.

In this paper, the frequency dependence of the gain is
considered in terms of this frequency band. The idler and
signal circuit slope parameters are normalized by the slope
parameters attributable to the diode itself. These norm-
alized slope parameters are used to derive relations be-
tween actual circuit and gain—frequency characteristics.
Design parameters with prescribed gain and ripple are
calculated on the computer and tabulated to serve as a
design aid.

II. DEFmNITION OF NORMALIZED SIGNAL AND IDLER
REsoNaNT CircurT SLOPE PARAMETERS

The pumped nonlinear elastance (inverse of capaci-
tance) of the diode can be expanded as

S{t) = 8o + 2 81 cos (wpt + ¢1)
+282(30S (2wpt+(p2) 4+ e (])

where o, is the angular frequency of pumping and S,
Sy, Ss, -+, are the elastance coefficients, assumed to be
real.

The dynamic @ of the varactor diode at the signal and
idler frequency is defined as follows [6]:

!

1= Sl/wloRs (2)
D2 = Si/wnRs (3)
where
wi center of the signal frequency wi;
we center of the idler frequency ws;
R, series resistance of the diode.
Also, the modulation factor is defined as
Y = Sl/ S(). (4)

The signal and idler resonant circuits, which are coupled by
the pumped varactor elastance, can be depicted as in
Fig. 1. The mean elastance 8;, lead inductance L,, and
series resistance R, of the diode appear as common
elements in the signal and idler circuits.
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Fig. 1. Two frequency paramp equivalent circuit (Z is the external
idler circuit impedance, including package capacitance).

The frequency response of the resonant circuit near the
resonant frequency ean be conveniently represented by its
slope parameter [4]. If the reactance of the series resonant
circuit is X (w), the reactance slope parameter at the
resonant frequency w, is represented as

wo dX

r = _ -

hm.
2 dw ohm

(5)

W=

Also, if the susceptance of the parallel resonant circuit is
B(w), the susceptance slope parameter at the resonant
frequency wy is represented as

p = 2B

= — mho.
2 dw

(6)

W=

The signal and idler resonant circuits of the actual paramps
are each series resonant circuit as shown in Fig. 1. Hence
we represent the reactance slope parameter of the signal
and idler resonant circuit by 1, x2, and define the slope
parameters attributable to the diode itself as

(7)
)

Here, we normalize the slope parameters i, z2 i, T2 as
follows:

210 = wiols

Xao = wegLs.

(9)
(10)

a; and ap are always greater than or equal to 1, because
L is included in both resonant cireuits.

In the signal frequency ecircuit, the contribution of the
idler resonant ecircuit is represented by the parallel
resonant circuit with negative conductance (—1/R,;)
and negative susceptance slope parameter (—0b,), as
shown in Fig. 2. R, and b, are given as

4 = 931/ Lo

Il

[¢73 Xz / Z20

Ru = QJQ2RS (11)
Q210

b, = . 1
R.E. (12)

IIT. RELATIVE BANDWIDTH FOR POSITIVE AMPLIFIER (GAIN

Fig. 2 shows the equivalent circuit of the paramps with
external signal resonator (bs). Gain of this amplifier is
positive if the real part of the impedance, seen from the
circulator (the right-hand side of (D—®) is negative.
This condition is determined by the right-hand side of
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Fig. 2. Signal frequency equivalent circuit of wide-band paramp.

(®-( and is represented as follows:

1
R, Rs - 20 13
¢ { Rt +,7‘basz} = =
where
2A
Q_w_i___ﬁl.oz wl, Aw; = w1 — wp. (14)
w10 w1 Wi

The limit on the relative bandwidth @ with positive gain
is given as

R, ~ ~
0<Q2<Q, Q= . (QQ. — DY (15)
10

42
It must be emphasized that this relative bandwidth @,
is independent of the midband amplifier gain and slope
parameter of the external signal resonator (bs;). This can
be considered as the upper bounds on relative bandwidth
attainable by the paramp.

IV. PracTicAL SI1GNAL AND IDLER CIRCUIT
CONFIGURATIONS

The diode and the ecircuit must be resonant at the
signal and the idler frequency. To realize these resonances,
it is practical to use the self-resonance of the diode. Here
we introduce two simplified configurations which are ap-
plicable to lower and upper microwave frequency paramps
with both single and balanced dicde configurations.

Case A

The series resonance of the diode is used as the signal
frequency resonance, and resonance, including the package
capacitance and the external circuit, is used as idler
resonance. This is depicted in Fig. 3, case A. This case is
applicable to the upper microwave to lower millimeter-
wave paramps with a single diode.

Case B

The series resonance of the diode is used as the idler
resonance. To form the signal resonance, inductance L, is
added in the signal circuit only, to.lower the resonant
frequency of the diode. This case is applicable to lower
microwave paramps and balanced diode paramps. This is
depicted in Fig. 3, case B.
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Fig. 3. Signal and idler resonant circuit configurations. V', is the
- 1dler voltage; Z,. is the impedance of the external idler circuit;

C, is the package capacitance; and L, is the inductance added in
the signal resonant circuit.

TABLE I

IpLer aND S1gNAL Circurr ConriGURATIONS (cF. Fig. 3)
R Ind - Resonant |{Value of | Value of
circuit v Freq arsa No®
Signal Ls sé' M (Ls/SoY ar= |

Case A — _‘l,_Y’%Lo.
I1dler Ls  [Sotcp' |[{LsASotcp?f] a2 ! 2’V w20

- - - 4

Signal | Ls+La | S¢' (M{Ls+La)/sofJar=1+La/ly

Case B _ - %2(|+G)XJW
Idler Ls s¢'  |{Ls/So) az=|

Note: Case A is applicable to upper microwave to lower milli-
meter~wave single-diode paramps. Case B is applicable to lower
microwave and balanced diode paramps.

1 Effect of C, and Z,.: is neglected.

2 Contribution of the slope parameter of Z,, 18 neglected.

3 4 is the relative bandwidth with positive gain.

If 1@ >> 1, which is satisfied by almost every paramps,
(15) can be written as

Q

Qo). (16)

Q210

In case A, the signal resonant frequency is given by
w10 (Ls/8y)—12, therefore, using (2)-(4) and (7),
(16) can be written as

ey

wn/

In case B, the signal resonant frequency is given by
wi = {(Ls + L,)/8} 2, therefore, with the same cal-

Q=L
(20}

(17)

I'(s) =
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Fig. 4. Theoretical gain—frequency response varying the ratlo of
external signal resonator slope parameter to the negative slope

parameter of the pumped diode. Dotted curve 1nd1cates unstable
gain characteristic.

paramps, larger bandwidth is reported [5], [6]. These
results are tabulated in Table I. The configurations and
calculations in this section are first-order simplifications,
which, however, provide the insight to the calculations
stated hereafter. Simplification applied in this section does
not affect the consistency of subsequent results.

V. Paramp GAIN RESPONSE WITH EXTERNAL SIGNAL
ResoNaTOR

As shown in Fig. 2, the pumped varactor presents a
negative susceptance signal circuit slope parameter
—b,, which yields a narrow.single-tuned gain response.
If an additional parallel resonator with positive suscept-
ance slope parameter b; is added, as shown in Fig. 2,
—b, and b; will cancel each other and broad banding can
be attained. Therefore b; is related to b, as

= bs/Da. (19)

The reflection coefficient at (D-Q)’ of Fig. 2 is represented
as

a(1 4 as) (1 + ) (L — Bns) — (L — fns) — B(L + 5)

culation, (16) can be written as

wWio 2
Q 1 .
az < + L )(wz())

These are the important simple relations which give the
upper bounds on relative bandwidth of the paramps.
In both cases, @ is proportional to vy. This means that, to

a1+ as) (1 + 5) (1 + Bns) — (1+ fns) + B(L+ ) (20)
where

(18) = R:/Re = 1/Q1Q: (21)

- Rg/Ra (22)

i = a1/ (23)

§ = ?Q (24)

achieve wide-band amplification, it is necessary to use a
diode with which large v is attainable.

Qo of case B is larger than Q of case A by 1 + (L./Ls).
This is confirmed by the fact that, for the balanced-type

Ag an example, gain | T' |2 is shown in Fig. 4 as a function
of Q/Qe with 1Q2 = 20, a1/a, = 1, and varying 7.
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Fig. 5. Theoretical gain—frequency response with and without
R, in the signal circuit.
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Fig. 6. Theoretical gain—frequency response for various (i): values.

7 = 0 corresponds to the single-tuned case in which no
external signal resonator is present. n = 0.727 is the opti-
mum value with minimum deviation from 10-dB gain. For
n > 0.915, the amplifier becomes unstable. Stability of
paramps is considered in a later section.

VI. Errects oF NecLecTiNG Sienar Circuir Loss R,

In previous papers, signal circuit loss R, is neglected on
the condition that R, < R,. This approximation is valid
for paramps with single-tuned signal circuits, but, in the
case of paramps with double-tuned signal circuits, this is
not so simple. It is easily understood that, if z, is relatively
small and R, = 0, almost infinite flat bandwidth can be
obtained by choosing b; &~ b,. This cannot happen for
nonzero signal circuit R,, because the bandwidth with
positive gain is restricted by (15). In Fig. 5, gain fre-
quency characteristics with and without R, in the signal
circuit are presented for three values of ai/as. Optimum
7 in the figure is the value which give the minimum of the
integral of (| I'|*? — 10 dB) within 0 < Q/Q, < 1. Tt is
seen therein that, when a;/a; < 1, corresponding to
relatively low signal circuit slope parameter, great error
can arise in the gain—frequency characteristic by ne-
glecting R,. Since a typical value of a,/a; is nearly unity,
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signal circuit loss must be considered to design for precise
gain—frequency characteristics.

VII. STABILITY CONSIDERATIONS

For stable amplification, the denominator of (20) must
not have roots in the right half-plane of complex frequency
variable s. This can be satisfied if the denominator of
(20) is a Hurwitz polynomial. In this case, the following
condition must be satisfied:

a+pB—1>0 (25)

1
SBG+ D —a

0= £ ta@+ 12 +5)

1/2
*fala+ 1) —!—6}) ] (26)

If the gain at the center ffequency is Gy, parameter B,
which represents the coupling between the load and the
negative resistance, has two solutions as

1+ Gy
1— Gy

1 — Gy
14+ Gyti2’

(27)

Br=(1—a) B-=(10—-0a)

Equation (25) indicates that in these two values of 8, 8_
is unstable.

The dotted curves in Fig. 4 correspond to the unstable 7,
which is determined by (26).

VIII. BanpwipTa AND CircuiTt ELEMENT VALUES FOR
PrEsSCRIBED GAIN AND RIPPLE

If B, in the signal circuit is neglected, (| T [ — 1)1
can be represented by a simple polynomial in Q. Connors
2] used this function to obtain an analytical solution with
maximally flat response. But, if R, is considered, the gain
is given in terms of a rational function of ©, for which an
analytical solution with prescribed characteristics is im-
possible. In this paper, gain (] T'|?) is derived from (20),
which includes the effect of R,, and values of 8 and 7
corresponding to a preseribed gain and ripple are cal--
culated by computer techniques. The results of this cal-
culation are shown in Table II, in which relative band-
width over which the preseribed gain and ripple are ob-
tained is represented by Qu, and Q4/Q, is tabulated. It is
seen therein that there are some combinations of parame-
ters for which such solutions do not exist as indicated by
blank entries for  and 8. Figs. 6-8 exemplify the result of
this calculation. Fig. 6 represents the solution corre-
sponding to 10-dB gain, +1-dB ripple, a,/a; = 1, and three
values of §,-(,. This figure and Table II show that a large
value of @;-Q. does not increase the bandwidth ratio
Q4/Q0 appreciably. Fig. 7 represents the solution cor-
responding to 10-dB gain, =+1-dB ripple, §;-Q, = 20,
and four values of a;/a,. This figure and Table II show a
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Fig.7. Theoretical gain—frequency response for various ai/as values.

relatively large signal circuit €, meaning large values of
a1/ as, diminishes the bandwidth ratio Q4/Q of the paramps
appreciably. Fig. 8 represents the solution corresponding
to Ql-Qg = 20, ai/us = 1, +£0.5-dB ripple (1.0 dB
for 5-, 7.5-dB gain), and variable gain. 4

Parameters a; and a; can be estimated from the equiv-
alent signal and the idler resonant circuit. Relative band-
width Qo can be estimated by (17) or (18), or, more
precisely, by experiment. Therefore, using Table II, the
optimum slope parameter of the external signal resonator,
optimum coupling to the diode, and the realizable relative
bandwidth can be determined.

IX. Errcr oF THE IDLER LOADING

Thus far resistance in the signal and idler circuit is
assumed to be the same. However, there exists a possibility
that the signal and the idler resistance have different
values. Besides, it may be possible to add resistance
intentionally in the idler circuit. When idler resistarnce is
increased to pR, (p = 1), the effects of this incredsing can
be taken into consideration simply by changing the
parameters as ‘

az — az/p (28)

Q~1Q~2 - ngz/p- (29)

In most cases, an increase of the idler circuit resistance
also increases the positive-gain relative bandwidth Qo

as understood by (15). But @, take a maximum value
when p is chosen as ‘

= 10:0: (30)
and maximum & is given as
, 0,0:R,
Q0 max QlQZ—. . (31)
2a9%10

X. EXPERIMENTAL RESULTS

This design theory was applied to a 19-GHz paramp
(pump frequency 57 GHz) with the following parameters.

1) GaAs planer diffused diode was designed to resonate
near 19 GHz. (Junction area is 10 ug, C;p = 0.15 pF,
L, = 0.4 nH, C, = 0.08 pF);
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Fig. 9. Measured gain and noise figure of experimerntal 19-GHz
paramp. The pumping frequency is 56.6 GHz, diode is 10 p¢
diffused epitaxial planar GaAs diode. Noise figure and gain in-
cludes a circulator loss of 0.4 dB, a waveguide-coaxial transducer
loss of 0.25 dB, and a signal circuit loss of 0.25 dB.

2) a1 & 1.5, utilizing a new type of signal cireuit
adapted from quarterwaye coupled BPT;

3) idler circuit was optimized to yleld a; ~. 2;

4) increase of idler resistance is estimated as p ~ 2
from the experimental result of Qo;

5) §iQ: ~ 20 typically when
Q1(w1o/w20)-b S . ;

The experimental data of positive-gain . bandwidth
were 4-4.5 GHz. Table II indicates that for 0.:Q:/p = 10
and az/p = 1, and 10-dB gain (+:0.5-dB ripple), 24/
is around 0.60, yielding a predicted flat bandwidth
of around 2.5 GHz. Fig. 9 depicts the measured gain and
hoise response of this paramp. The measured flat band-
width of 2.4 GHz at 10-dB gain coincides with the above
prediction. Therefore, utilizing. the measured positive-
gain bandwidth, the flat bandwidth at any desired gain
can be correctly estimated, using Table I1.

0, is estimated from
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TABLE 1I
Paramp DESIGN PARAMETERS 8, 7, AND OBTAINABLE Q4/Q, FOR PRESCRIBED GAIN AND RIPPLE
Ripple *0.25 dB % 0.50 as *1.0 dB
p
gain] &4 | arn| o 7 AL 7 Y- i S/,
75| 5 .125 | 2.0269 .9656 6918 | 2.0017 .9977 JT754 | 2.2369  1.0391 .8512
aB 250 2,0269 .9187 7027 2.0917 29453 7785 2.2369 .9789 .8465
500 | 2.0269 .8453 L7066 | 2.0917 L8641 L7676 | 2.2369 .8906 .8262
1,000 | 2.0269 L7516 L6676 | 2.0917 7672 7168 | 2.2369 L7875 7668
2,000 | 2.0269 L6687 L5645 | 2.0017 .6844 .6082 | 2.2369 .7055 L6551
4,000 | 2.0269 6297 .4246 | 2,0917 .6516 L4652 | 2.2369 L6797 .5090
8.000 | 2.0269 L6667 .2895 | 2.0917 7013 L3238 | 2.2369 7437 .3598
10 .125 2.2803 .8969 .T113 2.3531 .9148 .7887 2.5165 L9391 .8605
.250 2.2803 .8531 27449 2.3531 8664 .§082 2.5165 .8836 .8652
+500 2,2803 .T789 L7691 2.3531 7867 .8090 2.5165 L7973 8496
1.000 2,2126 .6816 7199 2.3088 .6867 L7527 2,4990 6934 7895
2.000 | 2,199 5937 6121 | 2.3016 .5984 L6449 | 2.4947 .6039 .6801
4.000 | 2.2594 .5344 4793 | 2.3531 .5414 5098 | 2.5165 .5508 .5410
8,000 | 2.2803 5125 .3395 | 2.3531 .5266 3676 | 2.5165 .5437 .3980
20 25 | 2.4070 .8852 7395 | 2.4838 .8957 .8098 | 2.6564 .9098 L8730
.250 2.4070 8398 . 7996 2.4838 28457 .8418 2,6564 .8539 8832
500 2.3355 L7621 .8246 2.5582 L7662 .8582
1.000 2.3494 6691 7793
2,000 2.3355 .5832 6668
4.000 2.2689 .5105 5004 2,2561 .5188 5121 2.4759 .5184 +5410
8,000 2.%286 L4750 .3691 2.4370 24781 +3910 2.6379 .4828 L4152
40 .125 | 2.4703 .8910 7902 | 2.5492 .8961 .8402 | 2.7263 9035 .8895
.250 2.4256 .8408 .8598 | 2.6521 8445 .8926
500 2.2404 .7619 .8418
1.000
2,000
4.000
8.000 2,4257 .4789 .4059
80 125 | 2.4567  .8910  .8348 | 2.5573 .9006 8699 | 2.7612 .9042 9043
.250 K 2,3256 .8451 8824
500
1.000
2.000
4.000
8.000
0] 5 125 | 15720 1.0062 6098 { 1.6059  1.0344 6879 | 1.6799  1.0719 L7668
- .250 | 1.5720 .9687 6090 | 1.6059 .9930 6816 | 1.6799  1.0266 L7551
500 | 1.5720 .9125 .5949 | 1.6059 .9328 6574 | 1.6799 9609 L7215
1,000 | 1.5720 .8453 5371 | 1.6059 .8641 5920 | 1.6799 .8906 L6465
2.000 | 1.5720 7969 .4348 | 1.6059 .8187 .4809 | 1.6799 8484 .5293
4.000 | 1.5720 .8031 3145 | 1.6059 .8344 .3535 | 1.6799 8766 3941
8,000 1.5720 .9250 .2098 1.6059 . 9750 £2387 1.6799 1.0375 .2691
10 125 | 1.7685 .9180 .6238 | 1.8066 9352 7051 | 1.8899 9574 783
.250 | 1.7685 .883%6 .6488 | 1.8066 .8961 7145 | 1.8899 L9133 L7793
500 1.7685 .8266 +6590 1.8066 .8344 7035 1.8899 +8465 . 7520
1,000 | 1.7611 7531 .6043 | 1.8066 759 6402 | 1.8899 7687 .6785
2,000 | 1.7648 .6883 .4973 | 1.8066 .6953 5285 | 1.8899 7062 .5629
4.000 1,7685 .6516 .3691 1.8066 .6625 3973 1,8899 L6797 .4309
8.000 1.7685 .6562 .2488 1.8066 .6781 2770 1.8899 .7062 »3066
20 .125 | 1.8667 .9004 L6543 | 1.9070 .9102 7270 | 1.9949 .9230 L7965
¢ .250 1.8667 .8648 .7066 1.9070 .8703 7535 1.9949 8785 .8020
500 | 1.8069 .8016 .6996 | 1.8707 .8047 7340 | 1.9810 .8090 L7699
1.000 1.7927 . 7293 .6504 1.9132 L7312 6832
2,000 1.7998 6629 5387 | 1.9195 6645 .5691
4,000 1,8069 L6117 .3980 1.8707 .6141 4207 1.9810 .6184 4473
8.000 11,8667  .5875  .2863 | 1.9070 .5953 .3059 | 1.9949 .6070 L3277
40 .125 1.9159 .9035 . 7020 1.9572 .9086 .7613 2.,0474 .9154 .8168
250 1.8581 .8621 .8010 1.9199 .8645 . 7816 2,0%332 .8680 8184
.500 1.8544 .8010 27590
1.000
2,000 1.7403 L6672 .5457
4.000 1.8508 6137 .4355
8.000 1.8693 5762 .3145 | 1.9920 5773 23340
80 125 | 1.9283 .9105 7590 | 1.9823 L9134 .8012 | 2,0736 .9160 .8363
.250 1.8857 .8680 .8105
500
1.000
2,000
4,000
8.000 1.8044 .5887 .3199

XI. CONCLUSION

Taking resistance of the signal circuit R, into account in
a parametric a,mpliﬁer,(thére exists a maximum band-
width over which positive gain may be achieved, thus
constituting the limiting bandwidth of the paramp.
In this paper, flat bandwidth at any prescribed gain and
ripple was related to this limiting bandwidth. Normalized
signal and idler slope parameters were used to relate a
gain—frequency characteristic to an actual circuit, thereby
yielding a tabulation of design parameters including a
source-to-diode coupling ratio and the slope parameter of

an external signal resonator. An experimental paramp
model, centered at 19 GHz, exhibited a pdsitive-gain
bandwidth of about 4 GHz and a 10-dB flat-gain band-
width of about 2.4 GHz, which agrees closely with the
theory.
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BEGAMI: WIDE-BAND PARAMETRIC AMPLIFIERS

TABLE II (Continued)

125

Ripple *0.25 4B +0.50 dB 1.0 4B
Gain}Q Qf eava, 8 1 /8, 8 " @n /2, B " /R0
12,5 5 125 1.3166  1.0531 5277 | 1.3367  1.0797 6027 | 1.3801  1,1156 .6809
aB .250 | 1.3166  1,0250 L5191 | 1.3367  1.0484 5887 | 1.3801  1.0820 6621
,500 | 1.3166 9844 .4934 | 1.3367  1.0062 5551 | 1.3801  1,0359 6191
1,000 | 1.3166 9422 4324 | 1.3367 L9656 4863 | 1.3801 9953 5402
2,000 | 1.3166 .9281 L3410 | 1.3367 9547 .3840 | 1.3801 9922 4301
4.000 | 1,3166 . 9875 2426 | 1,3367  1.0266 L2770 | 1.3801  1.0781 3129
8.000 | 1.3166  1.2062 L1590 | 1.3367  1,2687 ,1840 | 1.3801  1.3437 2090
10 L125 | 1.4811 .9445 5449 | 1.5038 9602 6207 | 1.5526 9812 6980
.250 | 1.4811 L9172 5551 | 1.5038 ,9297 6215 | 1.5526 9461 6887
.500 | 1.4811 8742 5504 | 1.5038 ,8836 6012 | 1.5526 8969 6535
1,000 | 1.4811 .8211 4957 | 1.5038 .8297 5340 | 1.5526 8414 5754
2,000 | 1.4811 L7756 3949 | 1.5038 7875 4285 1.5526 .8016 4645
4,000 [ 1.4811 L7609 .2840 | 1.5038 L7781 3145 | 1,5526 8000 3465
8.000 | 1.4811 .8031 .1895 | 1.5038 .8312 .2145 | 1.5526 8687 2418
20 2125 | 1.5634 .9180 5684 | 1.5874 9273 .6426 | 1.6388 .9398 7152
2250 | 1.5634 8906 6082 | 1.5874 8965 ,6605 | 1.6388 9051 7245
.500 | 1.5542 8430 5584 | 1.5849 8461 L6402 | 1.6388 8516 6777
1,000 | 11,5231 7852 5324 | 1.5611 7875 5613 | 1.6281 7910 5934
2,000 [ 1.5%18 7344 4316 | 1.5681 7367 4551 | 1,6334 7410 4832
4.000 | 1.s588 L7000 3230 | 1.5874 7055 3434 | 1.6388 7148 3676
8,000 | 1,5634 ,6922 ,2199 | 1.5874 7047 2402 | 1.6388 7219 2629
40 .125 1.6046 L9176 6129 | 1.6291 .9225 L6754 | 1.6819 19293 7363
.250 | 1.5904 .8861 6345 | 1.6241 .8685 L6973 | 1.6819 .8920 L7355
.500 1.6143 .8383 BTTT
1.000 1.5523% 7822 5801
2,000 1.5676 .7305 L4738
4,000 1.5545 6898 23496 | 1.6316 6902 3707
8.000 | 1.5858 6621 .2434 | 1.6216 6660 .2590 | 1.6819 L6715 2754
.80 .125 | 1,6251 9236 L6754 | 1.6500 9256 L7145 | 1.7035 .9288 L7590
.250 1.6300 .8901 L7348
.500
1.000
2,000
4.000
8,000 1.6155 6656 2723
15 5 .125 | 1.1584 1,103 4512 | 1.1713  1,1297 5238 | 1.1988  1,1633 5973
.250 | 1.1584  1.0844 .4410 | 1.1713  1,1078 L5051 | 1,1988  1.1406 5746
500 | 1.1584  1.0578 .4090 | 1.1713  1,0812 L4676 | 1.1988 1.1125 5277
1,000 | 1.1584  1.0391 3512 1.1713  1,0641 4004 | 1.1988  1.0969 4504
2,000 | 1.1584  1.0578 275 | 1.1713 1.0891 3105 | 1.1988  1,1312 .3520
4,000 | 1.1584  1.1750 L1926 | 1.1713  1.2187 2215 1.1988  1.2766 2520
8.000 [ 1.1584  1.5000 L1262 | 1.1713  1.5656 ,1449 | 1,1988  1.6531 1660
10 2125 | 1.3032 L9734 L4730 | 1.3177 .9875 L5418 | 1.3427  1.0074 .6168 -
.250 | 1.30%32 9523 L4730 | 1.3177 9648 5363 | 1.3487 .9820 6020
L500 | 1.3032 9203 4559 | 1.3177 . 9309 5082 | 1.3487 9453 5613
1.000 | 1,30%2 .8836 L4020 | 1.3177 .8937 4426 | 1.3487 9082 .4855
2.000 | 1.37032 .8578 3145 | 1.3177 .8703 3480 | 1.3487 .8891 .3848
4,000 | 11,3032 8656 2230 | 1.3177 .8859 .2520 | 1.3487 9141 2824
8.000 | 1.3032 9500 1488 | 1.3077 .9828 L1707 | 1.3487  1,0266 1941
20 .125 1.3756 .9375 .49491 1.3910 .9457 5613 1.4276 .9578 .6340
2250 | 1.3756 L9164 5184 | 1.3910 9223 5707 | 1.4236 9312 .6270
.500 | 1.3756 .8809 L5137 | 1.3910 .8848 5480 | 1.4236 .8910 .5879
1,000 | 1.3697 .8375 4504 | 11,3894 8406 AT4T | 1.4236 ,8461 5082
2,000 | 1.3727 .8000 .3566 | 1.3910 8047 3801 | 1.4236 .8117 .4059
4,000 | 1.3756 L7797 .2574 | 1.3910 .7883 .21785 1.4236 8000 L3027
8.000 [ 1.3756 1875 L1707 | 1.3910 .8039 .1918 | 1.4236 8266 .2137
40 2125 | 1.4118 9320 L5301 | 1.4276 L9367 .5910 | 1.4611 L9434 6535
.250 | 1.4118 .9086 5746 | 1.4276 .9111 6098 | 1.4611 9148 6496
.500 1.3968 .8709 .5676 | 1.4456 .8723 5996
1.000 1.4196 .8271 5098
2,000 1.3781 L7875 L3871 | 1.4292 7877 .4105
4.000 | 12,3880 27559 22793 | 1.4134 L7578 .2957 | 1.4558 L7609 3145
8,000 | 1.4118 7414 L1957 | 1.4276 7480 2105 | 1.4611 .920% 2262
80 J125 | 1.4299 9361 5871 | 1.4459 .9382 L6301 | 1.4798 9414 L6770
.250 1.4073 .9098 .6254 | 1.4591 .9107 6590
500 1.3724 .8727 5816
1..000
2.000
4,000 1.4015 7586 3066
8.000 1.4132 7348 2176 | 1.4625 7359 2316

Q4 is the obtainable relative bandwidth when gain and rlpple is prescribed.

Qo is the positive gain relative bandwidth.
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