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ABSTRACT 

A model of the up-converter parametric amplifier is developed in 

order to derive expressions for admittance, gain, bandwidth, and noise 

figure. The expressions derived are presented in such a way as to show 

a good analogy to the standard coupled circuit. This allows use of 

the concepts of coefficient of coupling, critical coupling, and 

stagger-tuning and their effects upon bandwidth. It is shown that 

the gain of the amplifier is equal to the ratio of output frequency 

to input frequency and is constant, independent of matching, resonance, 

or pump level. The derived expression for noise figure indicates that 

the principal noise source is the input tank and that heavy loading of 

both tanks improves the noise figure. 

The results of experimental tests are used to verify the relations 

derived and show the limitations of the model and the amplifier. Also 

the possibility of using the experimental circuit as a practical low- 

noise amplifier is examined. 
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INTRODUCTION 

During the past two years a great deal of effort has been spent in 

the development of a relatively noise-free linear amplifier, the parametric 

amplifier. It is the purpose of this paper to continue that effort by 

developing an analytical model for a particular type of parametric 

amplifier and comparing the results of an experimental investigation 

with computations based upon the model. 

The name ’’parametric amplifier" is one of many, such as MAVAR, 

reactance amplifier, parametron, etc., used to describe a class of 

linear amplifiers that employ a nonlinear reactive element to achieve 

amplification. This is certainly not a new phenomenon in the electrical 

or the mechanical field.Proposals and reports have been made for a 

number of years, but only for isolated and special cases. It was 

not until July, 1956, that a general analytical investigation^ was 

published that opened the way to an extensive development of practical 

devices. 

Several distinct advantages characterize the parametric amplifier, 

which is capable, in principle, of producing a very low noise figure. 

The main sources of noise for the vacuum tube and transistor amplifier, 

shot and l/f noise, are not present in the parametric amplifier. Also 

there is no hot cathode to raise the noise power by raising the 

temperature. The nonlinear element is reactive and hence contributes 

no Johnson noise. Either a nonlinear capacitor or inductor can be used, 

and both have been reported. However, almost without exception, use 

1. For numbered references, see Bibliography. 
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of the voltage-dependent junction capacitance of the back-biased solid- 

state diodes has given the highest gain and lowest noise. The parametric 

amplifier can operate at microwave frequencies, where the low noise figure 

can be fully utilized in communication and where conventional amplifiers 

begin to fail. 

These advantages are also accompanied by certain disadvantages. The 

power source is an ac supply, usually higher in frequency than the signal. 

This is certainly a limitation at the microwave region. Also, most types 

of parametric amplifiers are inherently narrow-band, being two-terminal 

devices, with associated stability, bandwidth, and isolation problems. 

In simplified form the parametric amplifier consists of two tuned 

circuits coupled by a nonlinear reactance that is driven by an 

oscillator called the pump. This is a descriptive term, since the 

pump source is the power supply for the device and does perform an 

operation analogous to pumping in raising the input signal to a higher 

energy level. The amplifier acts as a modulator with one circuit tuned 

to the signal frequency and the other tuned to the upper or the lower 

side band produced by the modulation of the pump by the signal. The 

mode of operation is determined by which side band is used and where 

the output is taken. 

In a classic paper published in 1956,^ J. M. Manley and H.E. Rowe 

related, for a non-linear element, the flow of energy at various 

frequencies to the frequencies. It was predicted that a stable power 

gain up to the ratio of the output frequency to the input frequency 

could be attained if the upper side band of the pump were allowed to 
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exist and the output taken at that frequency. This is called the up- 

converter and is characterized by the frequency relations: w = to + w , 
o s p 

where u is the output frequency, co the pump frequency, and oo 
o p s 

the signal frequency. The power gain is w /to,. It was also predicted 
o s 

that if the lower side band were employed rather than the upper, a 

negative real part of impedance could exist at both tuned circuits. In 

this configuration, known as the negative-resistance amplifier, gain can 

be obtained at the signal frequency and can be of any magnitude; in 

fact, oscillation is possible. Here the frequencies are: 

tog = Up where tog is the signal and output frequency and is 

the lower side band, called the idler frequency, that must exist in 

order for the negative resistance to occur. Also, in this configuration 

the output may be taken at the idler frequency. A degenerate case occurs 

for the negative resistance amplifier when the co, = w.. or to = 2 (0 . 
3 1 p 3 

In this mode the device is a phase-sensitive amplifier or oscillator 

7 8 
and has found a potential use in computers. 9 

9 
In a later paper expressions for impedance, gain, and bandwidth 

are derived by application of standard network techniques to an 

idealized three-frequency, lumped-constant model. Examination of only 

the negative-resistance amplifier is made. The paper points out that, 

although there is an advantage in having single-frequency amplification, 

the negative resistance amplifier has the disadvantages of narrow band¬ 

width, extreme sensitivity to variation in .conditions, and no input- 

output isolation, as it is a two terminal circuit. Also there is a 

sizeable noise source in the unloaded idler circuit and, because of the 



two terminal arrangement, the load noise is amplified. 

Other papers treat noise due to lossy diodes used as nonlinear 

10 
capacitors, gain for a specific nonlinearity, possibilities of using 

11 12 a lower frequency pump source* 9 types of distributed amplifier, and 

other specific problems. 

In instances in which output at the upper-side-band frequency is 

acceptable, the up-converter has several possible advantages. Ampli¬ 

fication is not due to a negative resistance effect and therefore is 

not inherently narrow-band. The amplifier is a four terminal circuit 

that provides some degree of isolation. Also, since the upper-side- 

band circuit is loaded, noise from that source is reduced. 

In this paper a mathematical model for the up-converter is set 

forth and gain, impedance, bandwidth, and noise expressions are derived 

for the model. The method of attack is similar to that of Heffner and 

Wade for the negative-resistance amplifier?' but the model is more 

general, specifically in not requiring negative values of capacitance. 

The results are organized in such a way to show a basic similarity to 

conventional coupled—circuit theory. The results of experimental tests 

on an up-converter are used to verify the conclusions. 

The amplifier tested operates at a signal frequency of 1 me, a 

pump frequency of 20 me, and an output of 21 me. Although there is 

essentially no need for a low-noise amplifier for communication at these 

frequencies, there is a definite need in the field of measurements. 

Also, the use of a lumped-constant circuit makes for somewhat greater 

ease in verifying the model and establishing useful similarities* 
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Theoretical Model 

In order to derive expressions describing the up-converter 

parametric amplifier, a model must be set up. As with most models of 

physical systems, certain justifiable assumptions will be made to 

simplify calculations and results and to enable recognition of helpful 

analogies. 

The up-converter involves three frequencies: the signal, the 

output, and the pump. The pump frequency drives the nonlinear element; 

and as the name up-converter implies, the output frequency is higher 

than the input. A circuit of the form shown in Figure 1, consisting of 

two tuned circuits coupled by a time-varying capacitor (or the dual of 

this circuit) satisfies the relation Wg = + w^, as stated by Manley 

4 
and Rowe . Here, if c varies sinusoidally at and if the 

- w^, and 

various other combinations will result. However, if the output circuit, 

Yg, is tuned to only voltage of that frequency will exist at 

the output; and hence the only power output will be at that frequency. 

Two assumptions have been made: first, that c varies at and 

second, that- if the output tank is tuned to only a voltage at 

that frequency can exist. 

In a practical amplifier, the varying capacitor will be nonlinear; 

that is, one whose capacitance is a function of applied voltage. The 

solid-state diode exhibits this property when back-biased. This non¬ 

linear element is then driven by a voltage at aij. However, if e^ or 

frequency of e_ is to.,, then currents at w, 
+ “i> “3 



eg becomes appreciable in comparison to the driving voltage at uXj, then 

it also will affect the variation in capacitancej and the original 

assumption of variation at co^ only will not hold. The assumption is 

then made that e^ and 6g are very small compared to the pump 

voltage at This is not a severe restriction, since the advantages 

of low noise will be utilized only in a low-level amplifier. 

The assumption that only a voltage 62 at frequency Wg exists 

across the output tank means that the output tank must have a high Q, 

which is readily achieved. 

In the circuit of Figure 1, Y^ is the admittance of the input tank 

tuned to the input frequency. Yg is the admittance of the output tank 

tuned to Wg. These are both initially assumed lossless, but this 

restriction will later be removed. The voltages are as follows: 

e^ = sin Wjt 

©2 = Vg sin (cjgt + 0) (l) 

The variable capacitor will be of the forms 

c = CQ + C sin(uijt + fS) (2) 

The current through the capacitor is i , and the voltage across the 
c 

capacitor will be the difference in e1 and e^. 

ec = V1 sin wifc “ sin(l02i' + ®) (3) 

The capacitor current is then: 

de, 
. j) = c 
c 

i =^- 
0 dt 

/ \    c , dc 
(e 0) = e TT~ +0 7T n ' dt c dt 

[Co + 0 sin(u^t + cos w^t - VgtOg cos(tdgt + 0)] 

+ *1 sin w^t - Vg sin(Ugt + 0)][C 0^ cos(u^t + f6)] (4) 
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Expanding: 

i = C V_w_ cos w_i - 0 V„u0 cos(w„t + 9) c oil 1 o22 '2 ' 

+ CV^w^ sin(u^t + jrf) cos (Ojt 

- CVgUg sin(u>jt + 0) cos(w,,-fc + 0) 

+ OV^ sin(u^t) cos(u»jt + ft) 

- CVgtoj sin(Wgt + 9) cosfoj^t + j6) 

Applying appropriate trigomatric identities results in: 

±c = COS w^t - C cos(w2^ + 

(5) 

cvlwl + —g— [sin((iOjt + u^t + f6) + sin(u^t - u^t + ^5)1 
CV2W2 • • 

- —g— [sin(u^t + Wgt + 0 + ft) + sin(u^t - Wgt + - 9)] (6) 

CVM 

+ —2^" Csin(u^t + C0jt + fi) + sin(«^t - u^t - jZi)] 
OV-u, 

- —Csin(Wgt + u^t + 9 + fS) + sin(ojgt - w^t + 9 - j0)3 

Equation (6) applies in general for these two voltages and at this 

point hoth the up-converter and the negative-resistance amplifier are 

described. Now the up-converter restrictions are assumed. If Y^ is 

tuned to and Yg to tdg and the relationship of frequencies is 

Wg = u>^ + w^j then currents flowing at frequencies other than co^ or 

Wg will not result in voltage drops and will not be considered. The 

capacitor currents of interest are at frequencies: 

“2 = ^ + “l 

u1=«2-w3 (7) 

The current at these frequencies is: 
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ic = CoVlWl 008 V - °0V2U2 cos(w2t + °) 

CV w 
+ —Y~~ sinCu^t + w^t + fi) 

CV.co 
+ —g-£ sin(u2t - i^t + © - f) 

CV w. 
+ —2~^ sin(u^t + (jj^t + fS) 

°V2w. 
- —2~^ sintWgt - Ujt + 0 - fi) 

Equation (7) gives: 

ic = CQV1W1 COS Wjt - CjjVgWg oos(w2t + 0) 

CV.w. 
+ —s-* sin(u„t + j6) 
ovi, 

+ sinC^t - + 0) 

CV.UL 
+ —g-3 sin(u2t + 0) 

CVoUL 
- 2' 

sin(w^ + 0 - fi) 

The capacitor current then becomes: 

±c = OQV-JWJ COS Ujt - 0 cos(co2t + 0) 

CV (u)_ + to,) + ^ Jjp sintu^t + Wjt + ft) 
CV„ (cj_ - to,) 

+  Y—sin(w2t - u^t + 0 - fi) 

Equation (7) gives: 

i 0 Vft 
OVi« 

+ ~2~ 

^ CT2“L 

OM c^t - CV^2 

sin(u2t + fS) 

sinCu^t + 0 - jZJ) 

cos(w2t + ©) 

(8) 

(9) 

(10) 

(11) 

-8- 



This expression shows two components of current flowing at and Wg, 

Now the admittance at the input terminals with the input tank removed 

will be found as shown in K.gure 2. This admittance, YQ, will be 

calculated at the input frequency, w^, and to do this the current and 

voltage i and e1 must be expressed in vector form. 

= -P + '.’ft* 

E1 = Tl^ 

Ye = ^ = "21 +Cowl 

. V2 
In this form rr* is unknown and is the ratio of the magnitudes of e- 

1 1 

and 6g. To find this ratio in terms of circuit parameters the output 

tank is examined. Here the admittance is the ratio of current to, voltage 

at Wg and in vector form. 

E2=v2^- 

CV-(0o ^ / 

-"P - Wfe ^ 

/3°1 (12) 

Y = — 
2 Er 

1 

2 Vft 

/ d - Q 

“CoW2 
/90c (13) 

Solving for the ratio ^^/VgS 

Y„ 

Y2 + CoU2 
Z20{ 

"^72“ 

= 2 
Y2 + J Cn“p 

G(0„ 

ZQ..-.0 

/Q ■ & (14) 

Since this is a ratio of magnitudes, the angle associated with the 
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expression in brackets is equal and opposite to 9 -ft* This, then, is 

the restriction placed on 0 by the circuit and the value of J0. 

Substituting equation (14-) into (12) gives: 

Ye 4(Y„ + JO uJ + J°oWl 

2 
0 (O^Ug 

‘ JVV"2' 

To find the total input admittance will involve adding to this the 

(15) 

admittance of the input tank Y^. Also a load will be assumed across 

Yg with a conductance of G^. This gives for the output tank: 

Y2 = GL + SBZ (16) 

where Bg is the susceptance of the parallel output tank. 

This results in a total input admittance of: 

Y. = Y_ + Y 
xn 1 e 

(if 
Y1 + jCoWl + GL + j(B2 + CoW2) 

If a new admittance is defined by: 

(17) 

Y1 = yi + 

Y' = GL + j(B2 + CoU,2) 

which states that the two tanks effectively have CQ across them, the 

input admittance Y. becomes: 
Xtl 

(18) 

Y. = Y• + 
in 1 

(I)2 “rt 
Y* 
*2 

(19) 

This bears a striking resemblance to the admittance expression for a 

standard coupled circuit. 

To examine this similarity, the standard coupled circuit will be 

considered. If two parallel-tuned circuits are coupled by a capacitor 
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(20) 

as in Figure 4, the input admittance will he given by: 

= Ti + % 
Where Y^ is the admittance of the input tank shunted by the coupling 

capacitor, Yg the admittance of the output tank also shunted by the 

coupling capacitor, and jB is the susceptanoe of the coupling capaeitor. 

The expression for the voltage transfer function Eg/5*! *s: 

VE1 = (2!) 

The expression for the coefficient of coupling is given by: 

C 
k = 

B 

•^1B2 
(22) 

/(Oi + oo)(o2 + cc) 

where Cc is the coupling capacitor, the input tank capacitor, jB^, 

the susceptance of Y^, Cg the output tank capacitor, and jBg the 

susceptance of Yg. Critical coupling is defined as: 

k 
o 

1 

■/v£ 
(23) 

where is the Q; of the input tank, including loading, and Qg is the 

Q of the output tank including loading. 

The theory of coupled circuits has been covered in detail, and the 

frequency response curves for various values of k are well known. 

To take advantage of this mature field, notice the similarity of 

the up-converter to the coupled circuit. If B for the up-converter is 

defined as: 

yUlw2 (24) 
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as compared to the definition for the coupled circuits: 

B = Ccw (25) 

The expression for input admittance of the up-converter* equation (1$), 

becomes the same as for the coupled circuit, equation (20), The expression 

for voltage transfer for the up-converter as given by equation (14) 

becomes s 

= ? 

Cun 

*2 
+
 3°O“2 

l °“2 

lY2l 
Fg B_ 

'/“X 1**1 
This is the same as for the coupled circuit, equation (21), but is 

(26) 

increased by and gives the ratio of the magnitudes only, as phase 

has no meaning with the two frequencies of e^ and Gg» It should be 

observed that because of the frequency conversion, changes in frequency 

at u^ are not proportionately the same at Up so that the effective 

u. 
, for use in the comparison with coupled circuits, is — times the 

* w2 
actual Q of the loaded tank© Also the definition of B for the two 

cases, equations (24) and (25), does not have them vary with frequency 

in the same manner® For the range of frequencies covered in normal 

bandwidths, this difference is small. 

Using the coefficient of coupling as defined in equation (22)s 

0 
k = 

^(0i + 0o)(02 + 0o) 

- 1 

(27) 

(28) 
u2 
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If, to increase the coefficient of coupling, and C2 are made zero, 

and the input and output tanks are made resonant with Cq, then the 

coupling coefficient becomes: 

k = C/CQ (29) 

This represents the maximum possible coupling and shows that k could 

never be greater than unity for a physical circuit. Equation (28) 

indicates that for high-Q circuits it should be possible to obtain an 

over coupled circuit with the characteristic double-peaked frequency 

response. 

Since to be of value as an amplifier the up-converter must provide 

usable gain, the power gain of the device will next be considered. The 

power gain will be defined as the power delivered to the load divided by 

the power into the amplifier: 

P V? G_ 
r* • „ o 2 L 
Gain = r- = -5  

x VT G 
1 e 

W2 \ 
, V, a (30) 
r e 

The input admittance as given by equation (l$) and taking into account 

GL gives the following when rationalized: 

Y = — 
*2 4 

_ 1 

S
L
CM1m2 

°L2 + (B2 + 0o“2>2 

^ SLC
2
MIU2 

8lf + (B2 + °o“2>2 

C W-- 
o 1 

(B
2
+ C

O
CJ
2^
G
 “1^ 

aL + <B2 + °o“2)
2 

(31) 

Using equations (14) and 

Gain = ^ 

Pi Cz uS 
in (30) gives for gain: 

G, 

G, + (B2 + cow2 f 1 
rC2 

Wo 

W- 

4 LG^ + (B2 + CoW272 

(32) 
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Since this expression does not depend on B = 0 or 5 - G > it is valid 
0 o > t 

uo 
in general. That is, the gain of a lossless up-converter is — whether 

W1 
matched or not and at any frequency. This result is in complete agree¬ 

ment with the prediction of Manley and Rowe. 

At this point the results of the investigation may he summarized. 

It has been shown that the gain of the up-converter is a constant, 

independent of frequency, matching, pump power, or the amount of nonlinear¬ 

ity in the coupling capacitor. The input admittance and voltage-transfer 

function are very similar to these quantities for coupled circuits so that 

readily available information can be used to find bandwidth and 

admittance curves. The possibility of overcoupled circuits or stagger 

tuning presents itself as a method of obtaining broad-band operation 

without any effect on gain. It was shown that the amount of nonlinearity 

is very important with regard to bandwidth considerations although not to 

gain. The same expression derived for input admittance will give the 

output admittance since all 1 and 2 terms are interchangeable. 

The last topic, and probably the most important, is the 

determination of a noise figure. Using the usual definition of noise 

figure:^ SA 
F = S7T > (33) 

o' o 

where S./N. is the input signal to noise power ratio and S /N is the 
1 1 0 0 

output signal to noise power ratio, we see that for a noiseless amplifier 

the two ratios would be equal and the noise figure unity. 

-14- 



Although fewer than in most amplifiers, there are several possible 

noise sources in the up-converter. Elrst, the Johnson noise in the 

input and output tanks must be considered. Next the noise due to the 

losses in the ooupling capacitor must also be considered. The noise due 

to random irregularities in the variation of c at Uj will be 

neglected. Since in order to cause noise at or cog there must be 

a signal present, any signal that could be interfered with would be very 

small, and therefore the noise at and (Og would be much smaller. 

The circuit in Figure 5 shows the noise sources and the perfect 

amplifier UC. The terms are as follows: 

Ig = signal current source 

G_ = source conductance 
S 

I = noise current due to source G 
S g 

G^ = conductance of input tank shunted by nonlinear 
capacitor 

1^ = noise current due to from the input 

G* = noiseless input conductance of perfect amplifier 
o 

G£ = noiseless output conductance of perfect amplifier 

Gg = conductance of output tank shunted by the nonlinear 

capacitor 

Ig = noise current due to Gg 

G^ = load conductance 

Here the noise due to the nonlinear capacitor is included in 1^ 

and Ig since the losses are included in G^ and Gg. The noise of 

the load will not be charged to the amplifier. It is assumed that the 

amplifier is matched and that high-Q tanks are used. This means 

G^ « Gg and Gg « G^ so G^ G^ and G£ £2 G^. Transforming all 

sources from the input to the output of the perfect amplifier through 
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the power gain G gives the results shown in Figure 6, Here all current 
re¬ 

sources have "been amplified by Q~ since the impedance was also 

* g 
changed going through the amplifier. It should be noted that since these 

16 are uncorrelated noise sources9 the noise currents add quadratically. ' 

From this circuit the output-signal-to-noise-power ratio is seen to be: 

S /N 
Of 0 

Xs
2 

-Is. 5 

GrIg2 + 8r 
o o 

(34) 

The input-signal-to-noise-power ratio iss 

i
2 

a 
N, (35) 

g 

From these expressions the noise figure becomes: 
“T o o o 

S. H °-rIg +8^ h +12 
v _2 - g  2  

Ni . So A , 2 

= 1 + 

G~ I 
SE g 

i. + i ■ j   
I
2 8 S

L I
2 

S g 

(36) 

If all noise sources are at the same absolute temperature T the noise 

currents are:^ 

I
2
 = 4KTBG (37) 

where 

K = Boltsmann*s constant 
T = absolute temperature 
B = effective noise bandwidth 
G = conductance causing noise 
I = noise currents 

-16- 



(38) 

The noise figure then becomes! 

F = 1 + 

If the temperatures are not the same then the expression for F iss 

T 
g 

(39) 

This equation for the noise figure of an up-converter shows several 

important facts. First, under most conditions the noise due to the first 

tank is the main source, since the contribution from the output tank is 

reduced by l/G. Second, it shows two methods of reducing both sources: 

heavy loading and cooling of the tanks. It should be noted that heavy 

loading could reduce the Q of the tanks to a value such that the 

original assumption would not hold. 

In summary it can be stated that the up-converter inherently has a 

low noise figure since there are few noise sources. The noise figure 

can be further-lowered by using high-Q circuits, heavy loading, and 

possible cooling of the tanks, particularly the input tank. 
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EXPERIMENTAL PROCEDURE 

An experimental amplifier was built and tested to verify the 

expressions derived in the preceding section. This amplifier was made 

as similar to the assumed model in Figure 1 as practicable. 

The type of nonlinear reactance used was a back-biased silicon diode, 

which displayed a variable capacitance with voltage due to the varying 

width of the depletion layer. "When compared with other nonlinear 

reactances, such as a saturating inductor or barium titanate dielectric 

capacitor, the diode proves to have higher Q and less hysteresis. Special 

diodes intended to be used as voltage-variable capacitors are sold by 

International Rectifier, Inc., and Pacific Semiconductor Inc. under the 

trade names of Semi-cap and Vari-cap respectively. These diodes have Q’s 

in the range of 100 at medium frequencies. 

In order to simulate the time varying capacitor c = CQ + C sin w^t 

the bridge circuit shown in Figure 6 was used. With this arrangement, 

properly balanced, very little pump volbage appears between the terminals 

A and B. In addition to a constant term, the capacitance between points 

A and B consists of Fourier components at and at harmonics of to^. 

Since the impedances of the circuit at harmonics of are very small, 

voltages developed at these frequencies are negligible. 

The coupled circuit in the bridge is wound on a toroidal core and 

uses a bifilar secondary to give close coupling and good matching of the 

halves of the secondary. The core of the coil is ferrite and results in 

a Q of about 250 at 20 me. 
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The choice of frequencies is based on several factors. The ratio of 

pump to signal frequency should be large enough to give a reasonable 

gain. Since the diodes are necessarily lumped parameter devices, it 

seems reasonable to use medium frequencies and to build the entire 

amplifier of lumped-parameter components. This is certainly not a 

restriction on parametric amplifiers, as most work in the field has been 

in the microwave range. Also, in order to use available voltmeters, 

signal generators, and oscilloscopes, the use of medium frequencies was 

17 
desirable. For these reasons and the availability of information on a 

similar amplifier, a signal frequency of one me and a pump frequency of 

20 me were chosen. Little work has been done in this frequency range, 

since other types of amplifiers are generally adequate for the field of 

communications. However, in the measurements field, where thermal noise 

is often the'limiting factor, a low-noise mediunt*frequency amplifier 

could be of great value. 

The circuit shown in Figure 7 was constructed using the recom¬ 

mendations of the preceding section with regard to high Q. The input 

coil was wound on a ferrite toroidal oore to give a Q of 425 and an in¬ 

ductance of 90 /^h at 1 me. The output coil is a 6-turn coil with a 

ferrite rod core. This results in a Q of 255 and an inductance of 

1.1 i&i at 21 me. Measurements of Q and inductance were made on a 

Boonton Type l60-A Q Meter. The parametric amplifier and its accompany¬ 

ing 21 me post amplifier are shown in Photograph 1. The small toroid 

in the center is the pump tank circuit, and the diodes are positioned on 

either side of it. The input tank is the larger toroid on the left. 
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To provide a known load and low second-stage noise, a eascode 
l8 

amplifier was "built as shown in Figure 8, using high-transconduotance 

"WE 417-A tubes. The noise figure of this amplifier was measured using a 

Kay Electric Mega-Node noise generator and was found to be 4.0 or 6.0 db. 

This amplifier was found to oscillate at-.plate voltage above 150 volts, 

indicating that better isolation of input and output would be desirable 

and would probably decrease the noise figure. 

The source of pump power was a General Radio Type 605-B standard 

signal generator feeding through a single-stage 6AG7 amplifier shown in 

Figure 9* In order to get sufficient drive, it was necessary to tune- the 

input of the 6AG7. 

The output of the up-converter, through the 417-A cascode amplifier, 

was connected to a Hammarlund SP-600 superheterodyne radio receiver, tuned 

to the 21-mc upper-sideband. A Ballantine Model 314 vacuum-tube voltmeter 

measured the output as an intermediate frequency voltage in the receiver. 

A block diagram of the test setup is sl^own in FLgure 10. 

In order to compare calculated and observed performance, several 

tests were made. Measurements of input admittance vs load admittance 

and vs pump volbage were compared to values calculated by Equation 19» 

Frequency response curves for various pump voltages and far stagger tun¬ 

ing were examined for similarity to the behavior of the conventional 

coupled circuit. Finally, gain and noise figure measurements were made, 

and the sou^. vs characteristic was observed. 

Admittance measurements were made using a General Radio Type 821-A 

Twin-T, the cascode amplifier having been disconnected* The pump voltage 
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was set at 4 volts rms (measured at point X) and the do bias at 10 volts. 

Next the amplifier circuits were tuned to resonance at 1 and 21 me, 

indicated by maximum response at 21 me of the SF-600 receiver with its 

antenna lead near the output coil of the parametric amplifier. With various 

values of 1-watt carbon resistors across the output tank, the input ad¬ 

mittance was measured. The results are shown in Curve 1* 

To check the dependence of the input admittance upon pump voltage, 

a load consisting of a 47,000-ohm 1-watt carbon resistor was placed 

aoross the 21 me tank? and input admittance measurements were made for 

pump voltages from zero to 4 volts* The results are shown in Curve 2. 

For determining the frequency response, the cascode amplifier was 

modified by replacing the tuned plate circuit with a radio-frequency 

choke, so as to introduce no frequency selectivity. With 4 volts pump 

and 10 volts bias, the input and output circuits were tuned to 1 and 21 

me respectively. The frequency response over a range of input frequencies 

from 0*5 to 1*5 me was then observed for several values of pump voltage. 

Output voltage was measured at the i.f* output jack of the SP-600 radio 

receiver, which was retuned for maximum output each time. The results 

are shown in Curve 3« 

To observe the effects of stagger-tuning, the above tests were 

repeated with the output tank tuned to 21.30 mo. A source impedance of 

39OO ohms was used in order to lower the input Q sufficiently to be com¬ 

parable with the effective Q of the output tank. It was not possible to 

equalize these Q*s and thus obtain a symmetrical double-peaked response 

curve? therefore, in order to show a double-peaked curve, the input 
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coil Q WEB left higher than the effective output coil Q. These results 

are shown in Curve 4, for two different pump voltages* 

To measure power gain, it is necessary to know the effective load 

•which the cascode amplifier presents to the up-converter* This was done 

hy measuring the input admittance of the parametric amplifier with the 

cascode connected as a load, the value of which was then read from Curve 1* 

Calibration of the voltage gain of the cascode, using a General Radio 

Type 1001-A standard signal generator as a source, allows calculation of 

the output voltage of the parametric amplifier. With 4 volts pump and 

10 volts bias, the power gain of the parametric amplifier was found to 

be 15.8 or 12 db. 

The dynamic range of the up-converter was checked by measuring gain, 

as described above, for various inputs supplied from the GR Type 1001-A 

standard signal generator* The input was varied from one microvolt to 

two volts. The output was linear over this range* 

To observe diode capacitance as a function of bias voltage, 

capacitance measurements were made on the diode bridge circuit shown in 

Figure 6 for various dc bias voltages from zero to 14 volts. The capaci¬ 

tance was measured on the Twin-T, and the results are shown in Curve 5. 

Noise figure measurements were made by the Y-factor method.^ 

The up-converter first had connected to its input a resistor at 373°K 

and subsequently a resistor of the same resistance but at 77#3°K# The 

difference in output noise is due to the change in the thermal noise 

input* If the results of these tests are plotted vs temperature and 

extrapolated to zero degrees'absolute, the noise at that point must be 
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due to the amplifier. The test set-up is shown in Photograph 3 and a 

block diagram in ITgure 11* A coaxial relay was used to switch 

alternately between the resistor submerged in boiling water and one 

of the same resistance submerged in boiling liquid nitrogen. With a 

resistance of 500 ohms, the total noise figure was found to be 2,05 

or 3.12 db. 
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DISCUSSION OF RESULTS 

The results of the various tests made on the up-converter agree 

very well with the derived expressions based on the theoretical model 

and indicate the validity of the assumptions made in the second section. 

Input admittance for the up-converter as stated in equation 19 is 

an inverse function of load admittance or a direct function of load 

impedance. For resistive loads, if both tanks are tuned to resonance* 

the input impedance will be resistive. Curve 1 shows the linear 

dependence of input admittance on load resistance* with an intercept 

at the admittance of the input tank* exactly as predicted by 

equation 19. 

The relation of input admittance to pump voltage is not as simple. 

Equation 19 shows that should increase linearly with the square of the 

capacitance variation. Curve 2 shows the as a function of the square 

of pump voltage. Yin is not a linear function of pump voltage squared* 

because the capaoitanoe variation is not proportional to pump voltage. 

The exact relation could be calculated from the relationship of capacitance 

and voltage of Curve 5. 

The frequency response characteristics of Curves 3 and 4 show that 

bandwidth increases with pump voltage, as predicted by coupled-circuit 

theory, and that stagger-tuning results in a double-peaked response. 

The bandwidth obtained without stagger-tuning and with 4 volts pump is 

25 °/° of> ‘the center frequency, which is .much wider than that of 

corresponding negative resistance amplifiers. 
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Measured gain is 15.8 as compared to the ratio of output to input 

frequency.of 21} and the measured noise-figure is 1,86 when the effect 

of the following amplifier is removed, as compared to a predicted value 

of 1,21,. It would seem the main sources of these discrepancies are the 

losses of the diode bridge, which would show up as losses at the input 

and output frequencies unless perfect balance could be attained. 

The linear range of input voltages between 1 microvolt and 2 volts 

indicates the validity of the assumption that c may be thought of as 

essentially a time varying parameter. 

The overall agreement of the test results and the calculations based 

on the model show that the assumptions are valid and the model correct, 

and it indicates the analogy to the coupled circuit. Certainly the 

network analysis gives a good insight into the operation of the up- 

converter parametric amplifier. 

The present work points to several other topics which may prove 

fruitful. An investigation of the properties of a parametric amplifier 

when both side bands are allowed to exist and the effects on the up- 

converter when a small lower-side-band signal is present would be 

valuable. The effect of modulating the pump source to produce other 

side bands with the signal may also be interesting. 
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Figure <3. Cascode amplifier 

Figure 9 , Pump a mplifier 
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Figure 10. Block diagram of testing set-up for gain and linearity. 
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Figure 11. Block diagram of noise-figure test set-up. 
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Curve 2. Input conductance vs 

pump voltage* 
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