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A Complete Analytical Approach for Efficiently Designing Microwave FET and
Bipolar Oscillators

For large-signal operation of oscillators, it is typically necessary to obtain the large-signal
device parameters of the active two-port network and calculate the external feedback
elements for the circuit [1]-[13]. Figure 1 shows the simplified circuit diagram for a
series feedback oscillator comprised of the intrinsic transistor, its package parasitics, and
the external feedback circuit. As illustrated in Figure 1, the semiconductor depletion layer
capacitances (Cgs Cgq, and Cgy), and the transconductance Ym are large-signal
parameters, which are a function of voltage, current, and frequency. The large-signal
characteristics of the transistor (a MESFET, not a MOSFET) in an oscillator can be
described with the non-linear Materka model [2]-[6]. When using this model, the
feedback element values are initially unknown. In addition, there is no unified approach
for finding efficient experimental solutions for these feedback element values; a small-
signal approach [7] can be utilized, but it is unable to optimize power and noise
performance simultaneously.
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Figure 1 Series feedback topology for a MESFET oscillator.

Series Feedback (MESFET):

A simplified way to design series or parallel feedback oscillators with external elements
is to use an analytical approach that determines the explicit expression for the optimum
feedback elements and the load impedance in terms of the transistor equivalent circuit
parameters. These equations also provide a better understanding of the fundamental
limitations to obtaining high output power for a given topology of the microwave
oscillator [9]-[12].
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Figure 1 shows the series feedback topology of an oscillator using a MESFET. External
feedback elements Z; Z,, and Z; are shown outside the dotted line.

The optimum values of the feedback element Z; Z,, and Z; may be given as

Z" =R+ X, (1)
Z9" =R, + jX, (2)
Zy =7 =R+ X, 3)
Zn+Z" =0 (4)
Zn =R, *jX,, (5)

The general approach for designing an oscillator corresponding to the maximum output
power at a given frequency is based on the optimum values of the feedback elements and
the load under steady-state large-signal operation. The steady-state oscillation condition,
for a series feedback configuration, can be expressed as

2,.Uy.0)+Z, ()], =0 (6)

1y 1s amplitude of the load current and wy is the oscillator frequency. Assuming that the
steady state current entering the active circuit is near sinusoidal, for a medium to high Q
case, the output impedance Z,,(/,,&,) and the load impedance Z, (&,) can be expressed

in terms of their real and imaginary parts as

out

Zout(IO’a‘O):Rout(IO’a“0)+onut(IO’a‘0) (7)

Z,(w)=R, () +jX,(a) (8)

Z,.(,,a,)is a function of current amplitude and the oscillator frequency, and Z, (w)is a
function of frequency.

The common source Z parameters of the MESFET are given as

V4 Z
[Z]CS=|: 11 12:| (9)
ZZI ZZZ cs

with
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le :Rll +lel (10)
R = a + baRdsts (1+ng /Cds) + aaRdsts (1+ng /Cds) _ b
11 8s (aZ +b2) (az +b2) ans(az +b2) anS(az +b2)
(11)
X =R aaRdsts(l"'ng/Cds)_ b _ a +baRdsts(1+ng/Cds)
11 gs (az +b2) (az +b2) ans(az +b2) ans(az_'_bz)
(12)
ZIZ :RIZ +jX12 (13)
R C baR, C R
Rlz _ a. ds2 gd - + ;tv gdz gs (14)
C,(a" +b7) (a”+b")
- :aCLRdSngRgS _ deSng (15)
@>+b%)  Cgxla®+b%)
ZZl :R21 +jX21 (16)
C baR,.C i ]
R, =R, ¢d a N oG o g, (bcoswr +asinawr) 17
Co(@®+b%) (@’ +b%) (@ +b%) |
¥ =g aarR , C,, _ng b +gm(acosajr—bsina)1') (18)
U @+ C, (@F+b?) aC, (a’ +b*)
ZZZ :R22 +jX22 (19)
a ng a b
R, =R, + + wR, C (20)
s La2+b2> Cy (@ +b%) (@ +b7) 7"
¥ =R auk, C,, _ng b _ b 1)
UM (@2 +b?) C, (@ +bY) (a® +b?)
with
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gd ngdngd

a=1+—"*-(1-w'R,C, R, C,)+

85 85

cos(wr) (22)

gd ngdS ng

(R,C,+R,C,)—

85 &S
85 85

C
b=wR,C, +Rdngd)+a)C sin(wr)  (23)

The expression of the output impedance Z,, can be written as

out

Z,, =|1Zy +2,]- L2t 22 +Zz]} (24)
[Z,,+Z, +Z,]
Z,,¥2,=>72,,+Z, =0 (25)
where Z;; (1,j=1,2) is the Z-parameter of the transistor model and can be expressed as
1., ] , TRy X ) (26)

i,j=1,

To meet the criterion for maximum output power at a given oscillator frequency, the
negative real part of the output impedance Z,, has to be maximized. The optimal
values of the feedback reactance under which the negative value of R, is maximized, is
given by the following condition as [2]:

e Zut.@]=0= 2R, 1=0 @)
1 1

ORe 0

—\Z,,{,0)|=0=>——[R,, 1=0 28

aXZ [ om‘( )] = 0X2 [ out] ( )

The values of X; and X7, which will satisfy the differential equations above are given

as X;and X;. These can be expressed in terms of a two-port parameter of the active
MESFET device as:

. + - +
Xl* =-X, + X+ Xy + R, =R, | R, * R, ~R,-R, (29)
2 Xy =Xy 2
_ (1 - or tan wr) i (btatanwr)(R, +R,) _ R, C, (@r, +tan wr) _ g.R,
! aC, (a = b tan wr) (a —btan wr) C,(a—btan wr) 20, cos wr(a —btan wr)

(30)
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where T is the transit time in the MESFET-channel and 7, =C R, and 7, =C,R,.

gsThgs

X* :_[XIZ+X21:|_|:(R21_R12)(2R2+R12+R21) (31)
? 2 2(X, - X,,)
. _ R Cylar +tanawr) (b+atanawr)(R, +R) g. Ry (32)
g C,(a—btanawr) (a—btan wr) (a —btan wr)2aC , cos wr

[Rl., jJ =Xyl are the real and imaginary parts of the [Z, ;] _  of the transistor.

i.j=1,

From (25), the output impedance Z,, (I,a)=R, (I,a)+ X, (I,&) and the corresponding

optimum output impedance for the given oscillator operating frequency can be derived
analytically by substituting the optimum values of susceptance using (29)-(32), under
which the negative value of R ,is given by

Z,.:1.0), 0y = R ) +X (00, (33)
* — (2R2+R21+R12)2+(X21_X12)2}
R, (I,wy)l|,- .- ={R, +R,, - (34)
etk { ST { 4R, +R, +R))

*

X Xp =X, =X (R,, ~R,)2R, +R, +R,)) (R,,—-R,)R,,—R,—R,)
[Xout(l’w)]:{ 22 12 21 _ 21 12 2 12 21/ _ 21 12 " 2 2

2 2(X, - X)) X —X,
(35)
[X oL w)] X T Xy _{M}[R”m “R, -R,, (36)
e X=Xy
. + )
: - R, fan ar g _(btatanwr)R,, 37)
(a—btan wr) 2wC,, cosar (a—btanwr)

X,/and X, in the equations above, are the optimal values of the external feedback
susceptance.
For easier analysis, the effects of the transit time and gate-drain capacitance are neglected

in the preliminary calculation of an optimum value of the feedback element and the
simplified expressions are given as

* 1 gm
X, = e +R,|—awC, (R +R, +Rg‘v)+% (38)

85 85
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* 8m
X, =R, |:O‘Cds (R, *R))+ ZCUCJ (39)
X:ut = _Rdv afdvR;km‘ +L (40)
‘ b 2aC
R R ’
RU,,;: (Rz +R5) + ds - 1- ds 8m (41)
1+(aC,R,)’| R, +R +R +R, +R | 2aC,,

The simplified expressions above show agreement with harmonic-balance-based

simulated results for a gate length less than 1 pm, at an operating frequency range up to
20 GHz [14]-[16].

The differential drain resistance, Ry, can be expressed in terms of the optimum output
resistance as

(1+41-4(R,.-R, =R,)G,,)
ds = : : (42)
‘ 2Gds0
where
1 2
8 * 2

G, = 2| (R, ~R, ~R)(&C 43
dso Rg + Rs +R2 + Rgs [2 gsJ ( out 2 v)( d‘v) ( )

Alternatively, a differential drain resistance can be obtained from a quasi-linear analysis.
Under large-signal operation, the transistor parameters vary with the drive level. If we
restrict our interest to the fundamental signal frequency component, then V  and V, can

be expressed as
V,@t)=V,, +V, sin(ar+ @) (44)

V,()=V

dso

+V, sin(ar) (45)

V. and V, are the DC operating bias voltages, V, and V, are the amplitudes of the

signal frequency components, and ¢ is the phase difference between the gate and drain
voltages.

The drain current 7, can be expressed as

Ids = Idx (V gs° Vdm ) (46)
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Under the assumption of linear superposition of the DC and RF currents, an instantaneous
drain current can be expressed as
1,@)=1,, +g,v, cos(ax+@)+G,v, cos(ar) 47)

where [, is the DC bias drain current.

The transconductance, g,,, and the drain conductance are defined as

£,= {’—} (48)
Vg‘v Vas=o
1
o] -
v,
V=0
Under large-signal conditions, the transconductance and the drain conductance are given
as
2m
8= jﬂ/— J-IdbSII'l(CII)dl (50)
2m
— | I jsin(ax + @)dt 51
nvdbswjd) (ar+9) (51)

The drain current can be expressed in terms of V,, V, and V, as

2
Vv
1,=1,|1-—| tanh i (52)
Vl’ Vg _Vl’

V,=V,,tyV, (53)

1, 1s the saturation current and V,is the gate pinch-off voltage; a, y and V jare the
model parameters of the MESFET.

By applying a Taylor-series expansion to the equation near the DC operating point and
also considering the fundamental frequency component terms, the large-signal drain
resistance, as a function of the small-signal drain voltage amplitude, can be given as
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— Rd‘v
RDS|Large—signal - (1+AVdZ) (54)

where R, and R, are the large and signal differential resistances.

A 1s defined as

Stanh?[ TV g
A= Yoo Y, (55)
VgO _Vp 2
4—]
a

aVv
cosh’ [—4%]
R, = Yo 21, {Vg‘)_v”} (56)
VgO 2 a
Idss[l_vi]

p

From the expression above, R has a maximum value in the absence of the RF

Large —signa/

drive signal and gets smaller as the amplitude of the RF signal increases. Consequently,
the oscillator output impedance and the oscillator output power are a function of the
change of the drain resistance under large-signal operation. To support the steady-state
operation mode, the amplitude and the phase balance conditions can be written as

%.

out

(L. +R (@], =0 (57)

*

X (L,w+X,(w=0|_ =0 (58)
l e

out

The output power of the oscillator can be expressed in terms of load current and load
impedance as

P, :ll
2

0

> Re[Z,] (59)

out

where 1,,, and V,, are the corresponding load current and drain voltage across the
output.

I — le +Zl +ZZ V
" Zzz(Zu +Zl +Zz) _221(212 +Zz) "

(60)
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2
1_{_( Ry —R, ]

X, -X V2

1, 221 12 . (R, +Rd)_d

(R, +R)" +(X,, +X) 2

Po =5 Loy RelZ,]=

0 out

where

R= X21(X12 +X;)_R21(R12 *tR, +Rs)_X22(X11 +X1* +X;)

R, *R +R, +R, + R,

— Ry (X, +X1* +X;)_R21(X12 +X;)_X21(R12 +R, *R,)

X
R, +R +R, +R, + R

Parallel Feedback (MESFET):

(61)

(62)

(63)

Figure 2 shows the parallel feedback topology of the oscillator using a MESFET, in

which the external feedback elements Y; Y,, and Y5 are shown outside the dotted line.
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Figure 2 Parallel feedback topology for a MESFET oscillator.

The optimum values of the feedback elements Y; Y, and Y; are given as
K" =G+

=G, + B

(64)

(65)
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" =Y =G + By (66)
Yo +Y" =0 (67)
YO(L)l[[n = G::Ll[ + jB:MT (68)

The common source Y parameters of the MESFET are given as

Y Y
], { ! } (69)
Y21 Y22
y = I%e i G +B (70)
u—mJ e — U T Jby
_ g exp(—jwr) . .
" jac,r, T O Y
Y,=-jaC,, = G, + jB, (72)
1 ) )
Y, = R_ +jaC, + ng) = G,, + jBy, (73)

ds

The optimum values of the output admittance Y, and the feedback susceptance B, and

out

B, , which can be expressed in terms of the two-port Y parameters of the active device are
given as

B ' =-IB + B, + By, + G, =Gy | G +Gy, +G (74)
1 1 2 B, -B, > 11
* 8
B =—=" 75
' 2wC R, (73)
B = Blz + 321 + (Glz +G21)(G21 _Glz) (76)
? 2 2(B,, - B,,)

10
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B, =-aC,, e wg - (77)

gs o gs

The optimum values of the real and imaginary parts of the output admittance are

YUL:: = [GUL:; + jBUL:;] (78)
where G, and B, are given as
Go;: G,, - (G, +G21)2(321 _312)2 (79)
4G,,
2
Gz | B (80)
R, R,|2aC,
B{);:BZZ + G21 _G12 _I:(Glz +G21)+G22 _Gout:|+|:B21 +Blz:l (81)
B, - B, 2 2
B =aC, ———| AL (82)
“ R.|2aC, | R, aC, 2aC,

" may be positive or negative, depending on the

out

The value of the output susceptance B

values of the transistor’s transconductance and Ty = Ry Cg.

The voltage feedback factor n and phase @, can be expressed in terms of the transistor Y
parameters as

G,+G, -2G,)* +(B, —B,,)*
v, 1V, = VG £ O =260 B ~B)' 1 (83)
2(G12 + G21 - Gz) 2

B, —B
® =tan” 22— = —tan" (aR,C,,) (84)
Glz + G21 - 2Gz

11
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The output power of the oscillator can be expressed in terms of the load current and the
load impedance as

P =515 RelZ, ) (85)

where 1,,; and V,,, are the corresponding load current and drain voltage across the output.

] = Z,+%72,+7Z,
o Zzz(Zu +Z, +Zz) _221(212 +Zz)

Vo (86)

Series Feedback (Bipolar):

Figure 3 shows the series feedback oscillator topology for deriving explicit analytical
expressions for the optimum values of the external feedback elements and the load
impedance for maximum power output at a given oscillator frequency through the Z
parameters of a bipolar transistor. The modified physics-based Gummel-Poon model [8,
9], describes the physical behavior of the bipolar transistor.

t |
! i
| 1
! |
| |
i ngbe }
| |
I
]
7 I:[ | e ! [szzL
| 1, |
1
1 1
1 |
! :
| L |
S F !
(]
Z,
Zout

Figure 3 Series feedback topology of the oscillator using a bipolar transistor.

12
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Figure 3 shows the series feedback topology of the oscillator using a bipolar transistor, in
which external feedback elements Z; Z, and Z; are shown outside the dotted line.

The optimum values of the feedback elements Z; Z, and Z; are given as

ZM =R + X, (87)
Z7" =R, + jX, (88)
Z¥ =Z" =R, + jX, (89)
Zn+Z" =0 (90)
Zow =R+ JX oD

The Z parameters of the internal bipolar transistor in a common-emitter, small-signal
condition are given as [2, 10, 11]

Z, Zj,

[2]. {Zﬂ sz (92)

1 wY w| 1
Z, =R, + X, = a[g*”’b(aj }_]’aa{g_’%} 93)

2
Z, =R, + X, = a[i*’”b(%} }_ja%{i_”b} (94)
11 w) wl1 1

Z, =R, +jX,, :a[a)rCC +g+rb(EJ ]—jaa{g—m—rb} (95)

2
) 1 1 w Cowl 1 1
Zy =Ry + Xy ja{wrc +_+rh(aj }_]aa{_"' \ _rhj| (96)

where

13
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1
1_{&)}
wr

ar =277

— 8nm

fT - 27fe

97)

(98)

(99)

The criterion for obtaining the maximum power output at a given oscillator frequency

requires that, the negative real part of the output impedance Z

out

be maximized. The

possible optimal values of the feedback reactance, under which the negative value of
R 1s maximized, are given by the following conditions as [10]

out

ORe d

Z (I,w)|=0= R, 1=0
ox (L 10| =0= 2R,
ORe )

Z, (I,w=0= R 1=0
ox Lol 0| =0= 2R, ]

(100)

(101)

The values of X, and X,, which will satisfy the differential equations above, are given

as X, and X,. These can be expressed in terms of two-port parameters of the active
bipolar device as [10]

*

X,

=-X, + X, X, + Ry — R, R12+R21—R11—R1
2 X, =X, 2

X* - — Xlz + XZl — (RZI _Rlz)(2R2 +R12 +R21)
2 2 2(X,, - X,,)

|

(102)

(103)

(104)

14
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X} = (1, 1) (105)
W,

By substituting the values of X, and X, into the equation above, the optimal real and
imaginary parts of the output impedance Z . can be expressed as

Z 0L;=R0M>: +X OL; (106)
; 2R, +R, +R,) +(X, - X,,)’
R,=R, +R,, - (2R, 21 1) H(Xy, 12) (107)
4R, +R, +R))

R=r+—"l |y 4p, +—2 -1 1 (108)

ntr, tR, @, C, ntr, TR, | 2aC,
Xour: Xz + Xzz _[M}[Rom_RZ _Rzz (109)

21 A
E— (R, ) (110)
241, @,

thus, in the steady-state operation mode of the oscillator, the amplitude and phase balance
conditions can be written as

R +R, =0 (111)

*

X,,*X,=0 (112)

0

The output power of the oscillator can be expressed in terms of load current and load
impedance as

Pout :%IouztRe[ZL] (113)

1,,; and V,,, are the corresponding load current and collector-voltage across the output.

15
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Z,. tZ +7Z
Iour :|: - : . j|Vbe (114)
Zuzz _212(21 +Zz)
V =V = {Zzz(zn +2,+72,)-2,(, +Z12)}V (115)
" ‘ ZlZ(Zl +Zz)_Zl1zz .
|

Pouz :EIoque[ZL] (116)

+r, +R,) VS’
P, =aG2 (R, o TR Vi 117)

(rh +rc _Rom‘) 2

V 1s the signal voltage and x is the drive level across the base-emitter junction of the
bipolar transistor. The large-signal transconductance G, (x)is given as

6, (=l 2] _ga[2000) (118)
" KTx | In(x) | . x| 1,(x) |
lpeak =k_Tx (119)
q
Id
_ 1, 120
En T AT 14 =

where g, 1s the small-signal transconductance.

Parallel Feedback (Bipolar):

Figure 4 shows the parallel feedback topology of the oscillator using a bipolar transistor,
in which the external feedback elements Y, Y5, and Y3 are shown outside the dotted line.

16
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di

e

o
7
Y
|
i
|
|
|
|
I
I
|
|

VYou

Figure 4 A parallel feedback topology of an oscillator using a bipolar transistor.

The optimum values of the feedback elements Y, Y, and Y; are given as

K=+ B
K =G, 4 B,
K =Gy =Gi B

Y 4V =0

out

#

opt _ * .
Yom - G(mt + .]B

out

The common source Y parameters of the bipolar transistor are given as

[Y] :{Yn le}
° Y21 Yzz

Yll :Gll+jBll
YZI :GZI +jB21
Y12 :GIZ +jB12

Yy, =Gy + jBy,

(121)
(122)
(123)
(124)

(125)

(126)

(127)
(128)
(129)

(130)

17
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The optimum values of the output admittance v and feedback susceptance B, and B,
which can be expressed in terms of the two-port Y parameters of the active device, are

given as
B* - — B + BIZ +BZI + G21 _G12 G12 +G21 +G (131)
1 11 2 B, - B, 2 11

B = [Blz +B,, } | (G *+Gy)(G,y, ~Gyy) 132)
2 2(321 - B12)

The optimum values of the real and imaginary parts of the output admittance are

Y{)L;:: [G()Mt+jBUM;:] (133)
where G, and B, are given as
. G, +G,)*(By —B},)’
G()m:Gzz_ ( 12 21) ( 21 12) (134)
4G,
Bou;k:BZZ + GZI _Glz _li(Glz +GZI)+GZZ _Gouj:|+|:BZI +Blz} (135)
B, —-B, 2 2

The output power of the oscillator can be expressed in terms of the load current and the
load impedance as

P :112 Re[Z, ] (136)

out 2 out

where 1,,; and V,,, are the corresponding load current and drain voltage across the output.

I — le +Zl +ZZ V
" Zzz(Zu +Zl +Zz) _221(212 +Zz) "

(137)

A FET Example

Figure 5 shows a 950 MHz MESFET oscillator circuit configuration [1] and the
analytical approach for optimum operating conditions for maximum oscillator output
power. The analysis is based on the quasi-linear approach described above and is
experimentally supported with the conversion efficiency of 54%, which is the maximum
conversion efficiency published for this topology. However, the publication does not

18
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place any emphasis on the optimum phase noise, which is a key parameter for oscillator

design.

Power optimization of a GaAs-950 MHz-MESFET oscillator [1]:

CFY30

Rg % CIJ— G — Matching

1T B Circuit
Z,

LE G~

Figure 5 A 950 MHz MESFET oscillator circuit configuration.

The derivations of the analytical expressions are based on the open loop model of the
oscillator. Figure 6 shows an equivalent circuit of the oscillator.

L;
Z -

@Ids G~ Ve _— Ci=—= Cp TVES

Figure 6 An equivalent circuit of the open loop model of a MESFET oscillator.

19
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Z, can be expressed as

1 1 JR, 1
R, +— . - +
7 = .]a'ng .]a'Cl _ wl a’ZCgSCI

L= =
R, +— 1 +- ! R~ 1 +L
.]axjgs .]a(jl a(jgx a(jl

Multiplying the numerator and the denominator by the conjugate yields

-jR? R, —+ R |1 1 L
| ac, wc.C | @'c|C C,.| wc.c|C C

Zl — B : gs gs
R+ L,
aC, aC,

The following assumptions are made for simplification purposes.

R, R |1 1
<< —
@*C.C, &'C, l:CI CJ

gs

The modified Z; can then be represented as

Ri L+ 1 — -] i+i
w'cC \C C, )| wC,C(C C

_ gs gs
Z =

(138)

(139)

(140)

(141)

(142)

(143)

20
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_ (Ri j :
7 =|C) | (144)
1, 1) (WG Cl
Cl Cgs
defining the three new variables as
C,=C +C, (145)
C,=C,+C, (146)
CZ
R, =R +—=R, (147)
1
X, =alL, ——— (148)
T,
(X, =0)= 1 (149)
LC

s a

Figure 7 shows a simplified open loop model of the oscillator for easy analysis. In this
open loop model, the parasitic elements of the device are absorbed into the corresponding
embedding impedances.

Z1 I
s
e

Figure 7 A simplified open loop model of the oscillator.

CZ
'1 =R, +—%R,—

J
_J 150
jaC, Cc; ' aC, (150

Z =R+

21
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C., j C,, 1
Z+jal, =R + th R———+jal = RY+—g§Ri +jlal, ——— (151)
‘ N O aC, ‘ S C) T aC,
Z,=Z+jal, =R, +jX, (152)
CZ
Ru=Rs+ g; Ri (153)
X, =al, - (154)
e
Z,=Z,IC,=[Z+ jal]IC, (155)
-[Ra +anj|
—J
awC R + X R + X
4= - :>1+'R[aajcj—;]cx :1+'£uca Ié i]'X (156)
R +]X _ ] [ -] a f f a] .] j[ a .] a]
a a aCf

The circuit model of the oscillator is shown in Figure 8, in which the output current
through Z; is given as

[ (157)
I+ jaC,[Z, +Z, ]

Zy

L |

“—

Idsi iy Tvds " w TDzi

Figure 8 A circuit model of the oscillator.

The voltage across Z; is given as:
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V,=1Z =-1 R, * JX.] 1 (158)
2 i ds 1+j&ff~[Ra+an] 1+jaCh[Zi+ZL]

By applying the voltage divider in Figure 8, V,, can be expressed as

Vgs=—1ds[. L H 4 } (159)
JGC,IR, + X1 || 1+ jac,1Z, + 2, ]

Steady-state oscillation occurs when I4(t)=I; and V,=V,. Consequently, the equation
above can be written as

1+ jac, [z, +2,) ==l (160)
Vgs ]C‘Ea (Ra + -]Xa)
- . - + ;
1+ jac, [z, +2,) =Sl e Bt Pel (161)
JaCa(Ra+-]Xa) Ja'Ca(Ra+]Xa)[1+]acf(Ra+.]Xa)]
1+jaC, |z, +7, | = “Eme = Eme 162
it 2 JAC, [T+ jwCs (R, +jX,)]  aPCyC, = jlaC, — P CrCyX, ] (162)
g 1
7, =7; e -7 ——— 163
- a)ZCbCa[Ra +an] jaLy ( )
—_ gmc(Ra+an) (Ra+an) 1
LT : T —————— (164)
[1+ jaC, (R, + X )W'C,C (R, +jX )] [+ jaC, (R, +jX,)] jaC,
—-— ng (Ra + jXﬂ) 1
L= : T T (165)
W'C,C 1+ jaC, (R, +jX )] [1+jaC (R, +jX,)] jaC,
where
G == (166)
v, o2V,
As shown in Figure 8, the I, (current through C) can be given by
I, = 2,7 (167)

© 7, +7 +1/ jaC,
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Based on the last result we can conclude that

j o~ 12,+Z]
«C, Z,+Z +1/jaC,

v, =1, I (168)

or in magnitude-squared form

2
RS LT (169)
[1+ jawC,(Z, +Z,)]
Also, Re[Z; ] can be defined as follows
N-aC,.X —-jaC,R R +j X )Y1-aC,X -jaC.R
Re[ZL]: gmc[ f“ta ‘i f az] . _( a .] a)[ 2f a ‘]2 2f a] (170)
wC,C [1-awC,;X,)* +w'CiR;] [(1-aC,X,)* +W’CiR;]
l1-wC,X, —-jwC,R1-w'C,C (R +jX )1-wC,X - jaC,R
Re[ZL]:gmc[ f“a -] f a] b a( a2 Jza)£ - f“a -] a] (171)
wC,C,[(1-awC,X )’ +w'C/R;]
l1-aC,X 1-&'C,C. R +wC,C.C,X —-wC,C C,R
Re[ZL]:gmc[ f a] b~a"ta 2}) a~ f 211 . b~a~f a) (172)
w'C,C,[(1-wC,X,)* +@w’CiR;]]
The power delivered to the load Z; and the magnitude of Vy can be determined by
1
P, =51 Re[Z,] (173)
=l Al (174)
2 [1+jaC,(Z, +Z))]
2
LT (175)
[1+ jawC,(Z, +Z,)]
g2
1+ jaC,(Z, +Z)] = -
[+ je, (Z; + 2,)] [&’C,C,R, - j(aC, ~w'C,C,X )[w'C,C,R, + j(aC, -w'C,C,X,)]
(176)
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2 2
1+ C(E Z +Z 2 — gmc - gmc
[+ joc, 2 +2,)] (@C,C,R,)’ +(C, -&'C,C,X,)’ &C|(1-w'C,C,X,)* +(C,C,R,)]
(177)
Based on the equations above, the output power can be estimated as
g
Po =51 RelZ,] (178)
out :lllz Re[ZL] 2 (179)
2 [1+jaC,(Z, +Z,)]
{gmc (1-aC,X,)-w'C,C,R, +&'C,C,C, X, —afc,,cacha}
wC,C,[(1-aC,X,)* +w’'C:R;
FESIE Cl0men ) K] (180)
2 8 me
w'C[1-w'C,C,X,)* +(w'C,C,R,)*]
L [(l-aC,X,)-w’C,C,R, +w'C,C,C,X,-@C,C,C,R,] (181)
out 2 1 ~a gmccb
Below 5 GHz, it is valid to ignore some of the terms by assuming that
«'C,C,R, >wC,C,C,X, (182)
@' C,C,R, >>wC,C,C,R, (183)
The output power is now expressed as
1-aC,X,)-w'C,C,R
out :lllzca ng( ! za) _—. (184)
2 gmccb
i 1-aC.X,] «C’R
P()M[ =l[12 Caa"[ f ] a 2“ a} (185)
2 L aCh gmc
 [l-aC, X
P, :1112 aw—az& (186)
27 g,

25



© Copyright Ulrich L. Rohde 2011. All rights reserved.

a=""a (187)

In a similar manner, Vg is given by

vi=p a’ll-aC X, ] +2[1 -aC,R, ]’
w'C;

(188)

Both the output power and V4 depend on G, if the other parameters are fixed.

This 1s the limit for the maximum value. However, a maximum value of the current and
the voltage a transistor can take before burn-out should be found. Therefore, by setting
UVgsl= Vs, an optimal condition can be given by [1]:

2

vV, _a’[l-aC, X, +[1-aC,R, ]’
I} 1] W C;

2_|V

dsm

(189)

The optimum load impedance that the device needs to deliver the highest power is
defined as

V.| 2V,
—=——"=R 190
Il Imax o ( )
leading to the following definition

aEbRopt :\/az[l_wfxa]z +[1_C‘EfRa]2 (191)

Using the result above, the optimum P, is, therefore, given by

V. I [1—aCfXa]
Y4 Jatl-ac, X, P +[1-aC,R, 1

Ra

—@Cy,y e (192)

The first term is the power available from the current source and the second term is the
power absorbed by R,. This also indicates that a high Q inductor minimizes the absorbed
power, thus increasing the power available from the current source. P, simplifies
further at the oscillation frequency since X,=O0.
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Vil

- dsm ™ dsm 1

"4 a+[1-awC R, 1

(azcavpr—; (193)

The above analytical analysis gives the following important results:
1) Maximum output power is attained if we set

1

C,=— 194
" aaR (194)
and
\ | 1
P — _ dsm” max 1 - 19 5
RS Y 19
P, 2v?
LS RS Yoi) Jd 2 (196)
G av Vdsmlmdx

p, = Zosmn (197)
T
= L0 (198)
Pdc
1
=|- L | Y 199

In order to maximize the oscillator output power and efficiency, the loss resistance R, of
the input circuit has to be reduced (increasing G), and an optimal biasing condition Vpg
has to be selected.

1-aC, R ]C
2) C, = M (200)
gmcRopr
C
C,(C, =0)= “ (201)
mCRopt
3) Combining the above equations leads to expressions for Z; in terms of
_1+ja
ZL - 1+az opt (202)
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From these analytical calculations, the following results were achieved. The circuit
simulation of the oscillator was done using a nonlinear Materka model.

Cr
CFY30 { {
R ]
C1 - C2 D LT
L, T T %)
_—OVds Zo
Vs Oi i
B o L 100pF ——
——100pF T

Figure 9 Schematic diagram of the oscillator operating at 950 MHz as published in [1].
Figure 9 shows the schematic diagram of a practical oscillator operating at 950 MHz. A

simple high-pass filter consisting of Lt and Cr was used to transfer the Zy/50 Q load to
the required Z; value.

From the above expression, all of the effective components of the oscillator can be given

as:
1. Bias condition:
Vs =5V
I,s =18mA
2. Device Parameters:
... =45mA
V, =125V
Vi (knee —voltage) = 0.5V
3. Device Parasitic:

C,, =0.5pF
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C, =02pF
C,, =0.0089 pF

Oscillator Parameters:

— f =950MHz

1
w=ﬁ
C, =6pf
C,=15pf
C, =20pF
L, =39nH
C,=C, +C, =65pF
C,=C,+C, =1.7pF
L, =18nH
C_} =15pF

2

C s
R, =R, +—% R =4Q

Output matching circuit:

L,(package) =0.7nH
L,=89nH

L, =8.9nH —-L,=8.7nH
C, =191pF

Calculation of Ry
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1
I = max
dc T
I
I, =™ =22 5mA
2

Calculation of Z;.

_1+ja
ZL_1+a2 opt
I, 1
I :_l_ﬂ_%—mA_lg‘ng

= WC, _ 20mOS0E +606.5E-12 _

2.0
g, 0.0188
+j +j
z, =109 5 12500 =40+ j800
1+a> ™ 1+4
Output power:

\" i
P (max) = %[1 —é} =16.6dBm

out

2
L Ay
G av Vdsmlmdx

DC-RF conversion efficiency:

Vool . 5045mA
Pdc = =

T T

=71.62mW

P, (max) _ 45.7mW _

=0.64
P, 71.62mW

17 max

1] = 64%
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Simulated Results

Figures 10, 11, 12, 13, 14, and 15 show the oscillator test circuit and its simulated results.
After the oscillator circuit is analyzed in the harmonic-balance program, the oscillator
frequency is found to be 1.08 GHz. Some tuning is required to bring the oscillator
frequency back to the required value by changing L from 3.9nH to 4.45nH. The slight
shift in the oscillator frequency may be due to the device parasitics. The simulated power
output is 17.04 dBm, which is about the same as the measured value by [1]. The DC/RF
conversion efficiency at the fundamental frequency is 55%. The calculation in [1], as
well as the calculation here, assumes an ideal transistor. By finding a better value
between C; and C,, the efficiency was increased to 64%, compared to the published result
of 55%. This means that the circuit in [1] has not been fully optimized.

MESFET_OSCILLATOR

2]

BpF

0.0801
150F

108pF ‘
co cop
—H

Figure 10 Schematic of the test oscillator based on [1].
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Figure 11 Load line of the oscillator shown in Figure 10. Because the load is a tuned circuit, the “load
line” is a curve and not a straight line.
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Figure 12 Plot of drain current and drain source voltage as a function of time.
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Figure 13 AC drain current simulated for Figure 10.
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Figure 14 Simulated and validated noise figure of the circuit shown in Figure 10. An increase of the
feedback capacitor from 15 to 22pF improves the phase noise.
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Figure 15 Simulated output power of the oscillator shown in Figure 10.

By taking the published experimental results [1] into consideration, the analytical
expression gives excellent insight into the performance of the oscillator circuit.

The maximum achievable output power and efficiency for a given active device can be
predicted through closed-form expressions without the need of large-signal device
characterization and an harmonic-balance simulation. The publication [1] has not
addressed the power optimization and lowest phase noise, which are very important
requirements for the oscillator.

By proper selection of the feedback ratio at the optimum drive level, the noise is
improved by 8dB, keeping the output power approximately the same.

In [2] we discuss fixing the optimum feedback ratio and the absolute values of the
feedback capacitor, with consideration for the lowest possible phase noise.
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