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Universality in the Large Signal
Behaviour of Varactor Junctions
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Semiconductor Varactors

T, = Time constant of carrier
_ recombination
— T, = Period of fundamental signal
CASE A CASE B
T,<<T, T,>>T,
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Conjectures

CASE A

Within the constraints of the network within which it is
embedded, for a given incident power level supplied at the
fundamental frequency, the DC voltage developed across the
varactors will always be minimised.
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VOLTAGE SPECTRUM
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current ¥ X current [ %
U p-p(2) 14.3500 U +(FT)= Off screen 2.660000 Gs U p-p(2) Source off +(FT)= -15.20 dBm 5.740 GHz
x(2) = 0ff screen 22.0000 ns Calibrate... x(2) = 0Off screen 22.00 ns Calibrate
) O Semmmmmmmo— -2.660000 Gs R ——— -5.740000 GU Sellllebiz 000
1/8% = 0.0 Hz 1/4% = 0.0 U

Pin- cw Fundamental F2 F3 F4 F5 F6 F7 File
relative Frequency dBm dBm dBm dBm dBm dBm dBm
dBm MHz
| -14 806 21.3 176 3.8 -54 -5.8 -8 0 1587
| -12.5 811 24.1 20.0 6.6 2.3 -0.2 +2 +1.5 1589
[-11 822.85 264 218 7.3 +2.0 +5.5 +4.0 -15 1590

Measured voltage of spectrum and gate circuit of a GaAs pHEMT with open circuits
at harmonics
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~ I Case B: Experimental Setup

VNA ]
Resonant Cavity
RF HPA Dual Directional Coupler —_—
Source T
Voltage Probe O-——————
Current Probe - SR ——
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Conjectures

CASE B

Within the constraints of the network within which it is
embedded, for a given incident power level supplied at the
fundamental frequency, the current limits and the amount of
sub-harmonic energy oscillating between the varactors will
always be maximised.
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Current measurement at varymg power levels

Channel 2

CASE B: PN Junction Varactors
Type 1 : Abrupt Junction

S.000 ns/div

current

22.0000 ns

Y

Display
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ndwidth

20 0 GHZ

12.49 GHz

U p-p{2>) Source off +{FT)= Source off ————————————
X{FT)= Source off ———————————
H = —mmmm—— e
178% = ————e————— —
Pin Pdc (centre tap fo(dBm) 2f0(dBm) 3f0(dBm) 4f0(dBm) 5f0(dBm)
voltage)
4.5 12.9 225 -22 5 -15 -10.2
2.45 11.4 22.3 -20 -5 -40 -40
1.14 6.3 22.1 -20 -6 -40 -40
0.44 2.1 21.8 -40 -4.5 -40 -40
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Pin Vdc fO(dBm) 2f0(dBm) 3f0(dBm) | 4f0(dBm)
8.3 123 22.8 18.3 -0.5 -7
6.36 11.6 22.65 17.0 0 -9
4.0 9.16 20.25 13.5 -2.5 -8.7
71 ) 6.33 16.7 10.0 -5.6 -11.3
1.16 4.2 12.8 6.2 -9.8 -14
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CASE B: PN Junction Varactors
Type 1 : Abrupt Junction

Voltage across single
device at various
power levels
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Instantaneous Power

P = Instantaneous Power Extracted from bottom device
P x —sinfBcos6(1 + ¢ cosb)

Where
| <X —cos6b
V « sinf(1 + ¢ cosB)
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Instantaneous Energy

Bottom Device

cos?6
E « (

2¢
1+? 0059) >0

Top Device

EF x il (1 —Z?QO cos@) >0
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Voltage

3 y
p=5 = voltage zero at @ = cos™! (—§

| Inﬂ |
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CASE B: PN Junction Varactors
Type 2 : Hyper - Abrupt Junction
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Initially, additional inductance was added in series with the
devices to ensure that no third harmonic current could flow.

Channel 2

A

The measured current
was approximately

. . [ 200.0 ps/div 22.0000 ns
SI n uso I dal a n d th e U p-p(2) Sg:x:ntoff +(FT)= Suurze of f l.?UxGHz
X(FT)= Source off 0 Hz
R -1.70 GHz
measured voltage was ek - 50 ps
Pin Pdc 0 2f0 3f0
V.. =V 3.7 11.1 15.0 16.9 4.8
pp DC 2.12 5.7 2.0 9.4 -6.3
1.68 2.58 18 -1.0 -
111 153 2.85 -7
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CASE B: PN Junction Varactors
Type 2 : Hyper - Abrupt Junction
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Hence, the energy function will be of 4th degree of the form:

EFE X 1+ Acos@ + B cos26 + C cos36 + D cos46

If this is zero with turning points at 6,,0, 2w — 6, 2m
— 6, and chosen such that A is maximised, the solution is singular!
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CASE B: PN Junction Varactors
Type 2 : Hyper - Abrupt Junction
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T 51
Let 6, = > and 6, = r ,then

T

e = 2 1-B+D=0 Equation 1
57 v3 B D

6 = — 1-—A4+———=0 Equation 2
6 2 2

Dividing Equation 1 by 2 and adding to Equation 2 gives
A = V3 whichis the stationary maximum solution

Hence,
V3
E « cos*6 (7 + cose))
withl o< —cos6
3 3v3

IV « Esin@ + Tsin 260 — sin 360
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CASE B: PN Junction Varactors
Type 2 : Hyper - Abrupt Junction

...and the measured value of energy is :
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Hyper Abrupt with Finite
Reactance at the 3" Harmonic
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Removing the series inductor produces a measured current of:

Channel 2
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e 200.0 ps/div 22.0000 ns
current Y b

U p-p(2) Source of f +(FT)= Source off 3.28 GHz
X{FT)= Source off 0 Hz ;
AP -3.28 GHz Calibrate...
178X = -304.9 ps

Constant current at different power levels of 0,-3,-6,-12 dB
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Hyper Abrupt with Finite
Reactance at the 3" Harmonic

Hence,

1
[ < — (cos@ — §COS39)

dI—O ¢ cos?0 = =
dQ_ at cos —2

Thus, Ey.E may be expressed as :
Even (E) « (1 + Acos26)? (6A+ 1— 2Acos26)

with,

dE

i Poc —12A%sin26(1 + Acos 20)(2 — cos 26)
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Hyper Abrupt with Finite
Reactance at the 3" Harmonic
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with,

< 1
[ <« —cosB (2—cos268) = ——(cos@ — —cos 36
2 3

and

V ocsing (1 + A cos 26)

-(1 B 9+A in36
= 2)5111 5 Sin
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Hyper Abrupt with Finite
Reactance at the 3" Harmonic

Hence,

A
Input energy at fundamental frequency & A? (1 - E) = K

and

AB
Output energy from 3rd harmonic termination X — = E;

6

Energy in lower device is :

Eox(1+Acos26)*(6A+ 1—2Acos260)+ K

E < 5
+ @ cos 9(1—5—COS 9)20
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Hyper Abrupt with Finite
Reactance at the 3" Harmonic

P —sin26 (2 — cos 26) (12 A%(1 + A cos26) + %cos@)

If zeroat 8 = 6,,then

—24A*(1+ Acos 26,)
(p —

cos 6,

To be maximum and stationary, must have the same

dependence as E,
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A
@ = 48A2(1— E)

For E to be zeroat 8 = 6,

—89 A3 + 243 A2 — 120 A — 20
i = 20

and is a stationary when

A =1.5256

Hence

A A A
V « (1—§)si119+(1—5)sin29+5 sin 36

~ &« Ssinf@ +sin26 + 3.2sin36
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Measured Voltage

at Varying Power

Levels
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Hyper Abrupt with Finite
Reactance at the 3" Harmonic

Channel 2
Display
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Scale
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Energy Function in both
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2)Mi Comparison of Theoretical
===and Measured — Single Device
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Measured Effective Capacitance
at Fundamental
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Third harmonic energy stored in external reactance
= energy stored at fundamental in devices
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Equivalent Circuit of Varactor
Pair
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e Constant current generator
e Constrained such that voltage is always at 90° to the
constant current generator

* N.B. Some resistance has to be added at the common
junction to discharge the DC voltage at > modulation rate of
the signals
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Typical Application for PA

Output circuit for power amplifier producing an
approximately constant level of voltage at the
input to provide high efficiency over a high

dynamic range
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Conclusion 1

For large signals across varactor diodes, the non-
linear equation

av
I = C(V) E

Is NOT valid
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Conclusion 2

For PN junction devices, over many RF cycles, the
behaviour is totally governed by the sub-harmonic
energy oscillating between the back to back
devices which is maximised within the constraint
of the network in which it is embedded.
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Conclusion 3

Assuming discharge is accomplished at the signal
modulation rate, the equivalent circuit is simply a
current generator constrained by the phase of the
voltage across it always being at 90° to the current.
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Conclusion4

Opens up a whole new field in non-linear circuit
theory
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