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Why ?

Selection of oscillator topology seems ad - hoc.

[s there any reason to pick a particular topology?

Many standard oscillators will not oscillate at f__ !

Is "maximum frequency of oscillation" an oxymoron ?

Or are we not desiging our oscillators well ?

Two - port theory will answer this.



Two-Port Oscillator Theory
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Take an active 2-port (transistor, etc)

active

It has power gain for 0 < f < f | 2-port

max.

Now impedance-match on input and output.

RS

!

Iff < fmax b then Sll,matched - S22,malched = O and

_ (-
S21,matched _|| S21,matched || ej Wlth || S21,matched || >1 oO—

input

“ij, matched

“ij,active

active

match 9 2-port

output
—O—— match [—°

!

;

Add a transmission line of time delay 7 hence phase
shift — jot,such that ¢ — jor =n27 =n(360%).
The feedback loop has loop transmisson 7 =||T'|| e’

with 6,=0 and || ||> 1, hence the circuit will oscillate.

The combination of the 2 matching networks
and the transmission-line is simply a 2-port

network. Hence, for f < f,__, a transistor

ax ?

will oscillate if connected to the appropriate

2-port network

I

|

|

|

i

_______________ 1

| % !

l } !

input \ | output :
match [~TO— 2-port [—°T| match |
|
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I
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I

active

!

passive
2-port

!

active
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Two-Port Oscillator Theory

Take an active 2 - port passive
. 1 2-port %
(transistor, etc)
1 2
o— Jy ——o0
..and add feedback with (B

: active | &7
a passive 2 - port. O— 2-port [—©°

The passive 2 - port should clearly be lossless

The feedback 1s completely general.

We are analyzing all possible 1 - transistor oscillators



Two-Port Oscillator Theory

Passive network : Y . ; this is reciprocal.
: : ] o—1 Y .
Activenetwork : ¥, . ; possibly not reciprocal o
1
o— 3
O— Ya’ lj
Note that the ground connection J’
can be placed at nodes 1, 2, or 3.
T Yp, ij
This transforms oscillator from

common - base to common - emitter, o—

A

etc.

s,
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The feedback network

The feedback network can be 01_|_ Yf | A 5 01_ Yp,tj io
represented by either ¥, or Z .. Y. Y l
It can be composed of either
. o v 2, o | v |2,
a'T ora P1 network. f | P
7 7,
. . I o I 3 l
The P1 network 1s also known S
as a Delta network
Jz+—z 1 o 2z, Fo
Zf
More complex networks can be used, 4, l
but are equivalent.
01— ZI. ZO —20 c1 Zp’lj io
Note that the feedback impedances and

admittances are purely imaginary.

O—\N—
w

w
o—



The feedback network

[r+y, -y,
[Y"J"P]{—Y Y0+YJ

/
Yo==Y,
Y=Y ,-Y,,
Y, =Y, =Y,
[ ]_{Zl +Z, -Z, }

p Z, Z,+Z,

Zy==Z,1
Z,=2L,,—2,
L,=2L,n—2L,1,

Note that the feedback mpedances and

admittance s are purely imagmary.

—:<~T <1—:<~T

=
N

o4 W

Vs
N

—| N

O—\N—




Series-Line-Tuned Oscillator
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Shunt-Line-Tuned Oscillator

1 2

o— —o0
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The Oscillator

jBf
Active device ,
[Y j]: |:Ga,11 +J:Ba,11 Ga,lZ +J:Ba,l2:| 01’ Ya,g ?—0
- G +tJBiy GontJB.n JjB. JB,

Oscillator J' ‘l' ‘l'

[Y ]_ Ga,ll T jBa,ll + JB; + jBf Ga,lZ T jBa,12 _jBf _ Yosc,ll Yosc,lZ
e Ga,21 + jBa,21 B jBf Ga,22 + jBa,22 + jBo + jBf Y,

osc,21 osc,22

Simplify : write this as By adjusting the feedback

network, we can set

[Y ]_|: G, +JjB, G,,tJB,,, _jBf:| B, , B, ,and B,
osc,ij 1= G + iB — 7B G + /B .
a21 T JBa21 T By a22 /P to any value we desire.



jB
{]1 } _ |:Y0sc,ll Yoen }{Vl } /
] 2 )/OSC 21 Y:)sc 22 V2 }]l'n 1 Y
IZ - 0 - V = (Ysc 21 SC 22)1/1 > a,ij
Y =Y 1Y JjB.
— osc,l1 ( osc, 12 osc,21 0sc,22) l . l
[ ] [ ] G, +JjB), G,,+JB,, —jBf
Osc ! OSC ! a 21 T jBa,21 o jBf Ga,22 + szz
G, ,+jB .,—jB,\G,, +JjB,, —jB
Y, =G, + /B, _( a2 TJBa10 = J fx a21 TPy 7 J f): G + B

(Ga,22 + jB, )

We want B, =0, and to make G, as negative as possible.

o
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Input Conductance -~ o
(Ga‘zz + ]Bzz)

Y =G+ iB — ((Ga,IZGa]I - (Ba,lz - B/')(Ba,Zl - B/’))+ j(Gu_ZI(Ba_IZ - B/‘) + G(LIZ(B;A.ZI - B/ ))XGa.zz _szz)
I = .1 /% (67 +BL)

(Ga.IZGn.ZI - (Ba.lz - B; )(Ba_ZI - Bf ))Ga,zz + (Ga.ZI(Ba,IZ B B/’) + Gzl,lZ(Ble - B/‘))Bzz
(Gs.zz +Bzzz)

B =B + (Gzl.ZI(Ba‘IZ - B/‘) + Ga,lZ(Ba.ZI - B/ )ball - (G(/.IZGa.ZI - (Ba,lZ - B/‘)(Ba.Zl - B/’))Bzz

' (G2 + B3)
(Ga 12 (Ba 12 - B ')(Ba,Zl _Bf))Ga,22
(Gz n T Bzzz)
(Ga,2l(Ba,12 - B ) + G IZ(Ba,Zl o Bf))B22
( a2 T Bzzz)

G, = Ga.ll -

G, = Ga,ll -

We should pick B, and B,, and to obtain a large negative G,,.

Unfortunately, I've been unable to derive these*.

B, and B,, can also be tuned manually to maximize the negative input conductance.

This 1s shown on the next slides.

* Optimum feedback elements given in
D.F.Page, A.R. Boothroyd, " Instability in Two - Port Active Networks"
IRE Transactions on Circuit Theory, Vol.CT -5, pp.133-139, June 1958.
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n I y I ]

initially set large to disconnect buffer, removing its loading.
L4

ELE L8 =scaled_HBT_fwo
= L=LresuppH |=01H x12
L=Lresup pH = R= Emitter_length=6
R I ca

Cc=C

res fF L7
L3 - i L=Lreslow pH
L “Lses scaled_HBT_two R=
reslow p]\ i

620 GHz Common - Base Colpitts
with ~800 GHz /. HBT o

max scaled_HBT
X10
Emitter_length=6

D Voutput

;3 g?guﬂ: Emitter, \englh 3 |De Num=4
. Num=3 : C SRC17
Test port connected to transistor collectors cas lac=3 mA
C=Cres fF =
Poy = Ve Probe wea
1 ot N e c YeRrob
Num=1 P2 c25 NG
u e C=10pF
= R32 scaled_HBT_two ed_H 0
T R=t mohm X1z e LI
R=1 mOhm Emitter_length=3 Emitter_length=3 ~
C 26 i . Vb bz :
C €21 c=caff j VWA —WW - K c=Caf
c20 C=10pF - -
C=10pF G G
e . R=1mohm | R=1monm e
e . Ve _bar ‘ V unlu o
_DC 813 = _DC -]: 853 e, 1_DC L \i_ | L :L{_ |
(D SRC14 ¥ ) srcia ({) SRC15 bﬂ? SIRRT_twp l‘“ﬁ SHHRT_wp
S Idc=3 mA Idc=6 mA WO3mA B engind ot lengihe
ol = = =

g<. | thyoc L
S E, o

c2=45{f BCE
C1=225{ | ﬂ}%om.‘ H=10um ] Tune Parameters Q@

Lresup=2.75 Er=28
preslow=27s l/ F= 524 G\z‘ Gong=s 1e7 Simulate HBT_viCO_diff2

TEE=IN After Each Change - c2 (]

Walug 41 0125

Farameters
hdax
Include Opt Params 1 2
Enable/Disable...

[~ Snap Sliderto Step

C, and C, are tuned to produce maximum negative
Stare: TE r~

: [ v |
conductance at the collectors: N i
Step ’01— ’57

=

Seals m ,—4|
Close Help
< ?
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Design Example (2): Resonator Admittance

Port admittance observed

at the collectors.

C, and C, have been tuned for

maximum negative G, ;.

The resonator inductance has been

tuned for zero B, ;.

1000*real(Y(1,1))

imag(Y(1,1))

o
IIII|IIII|IIII|IIII

m10
freq=620.0GHz
1000*real(Y(1,1))=-6.586

m16
freq=620.0GHz
imag(Y(1,1))=-0.001

freq, THz

01 02 03 04 05 06 07 08 09 10
freq, THz
0.1
i m16
0.0—]
01—
0.2
T
01 02 03 04 05 06 07 08 09 10
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L is now small; buffer is connecte

7 I:4 =1
L=Lresup pH - Emitter_length=6
R= c :

L1 I L .
L=Lreslow pi b
R= L

3:linductor step - down ratio _ .
Emitter_length=3 - -
1 = _DC 200 Num=¢4
reduces loading of buffer on c SRC17
C33 ldc=2 mA
oscillator core. croee T =
.'v |_1: nbe -
19 ]
C=10pF
;;-.;e::_—: _two I E || x19
Emitter_length=3 Emitter_length=3
e Y Vb_bar -
WA AN c=c2
A R R
| R7 RS .
e R=1mChm R=1mChm -
] - z | Ve_bar | /] ‘ — /]
cis c22 - . é | {I/ |
_DC C=C1fF _DC C=C1fF, _bc P, A g o
) SRC14 + SRC13 G) SRC15 b%‘;’/’—*\—- T b%é?/—*\— T
1dc=3 mA Idc=6 mA e=3mA e engied  Efiter_lengid

.
\‘\R1 m' WSUB

C2-4.5 {t} TL BCB
1=2.25 {t} | 0hm| H=10 um
Lresup=1192 Er=2.8
= Cond=4.1e7
greei.lorﬂg - LZ/F 8246‘%' T=0.5 um
TanD=0.00

The feedback elements must be re - tuned
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Design Example (4): Negative G given Buffer

Note that the negative
conductance has been
somewhat suppressed by

the output loading.

1000"real(Y(1,1))

imag(Y(1,1))

30—
20{
] m10
10 freq=620.0GHz
] 1000*real(Y(1,1))=-5.579
0 m10
10 N | I | I | I | T | I | I | I | T
01 0.2 03 04 05 06 0.7 0.8 09 1.0
freq, THz
01—
] m16 m16
0.0+ freq=620.0GHz
1 imag(Y(1,1))=0.002
01{
-D.2—f
0.3 UL L L L LA N B
01 02 03 04 05 06 07 08 08 10

freq, THz
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Design Example (3): Transient Simulation

Transient simulation :

a small (~104A) current
pulse is injected into the
resonator and the circuit

1s simulated.

Emittar_lengtn=6

< > \"CLIIELII I

| 55 ol |
| Rsiom) 1= $Ron|
T

L4

L8
L=LresuppH (=01 pH
R= R=

[l
o
L
EN~EY
% T
-
T g
=1
=
=

VAR1
C2=4.5{t}
C1=2.25 {t}
Lresup=1.92
Lreslow=3.84
Cres=4.0

N - e Probe
Num=1
Hm Num=2
R R3 scaled_HBT_fwo
R2 R=1m0hm X1E_
R=1mOChm N — =
C C25 Vb

]
o

L/F 524GQ|

BCB
H=10 um
Er=2.8
Cond=4.1e7
T=0.5 um
TanD=0.00

L=Lresup pH T c
c34 r
C=Cres fF &
| iL Lreslow pH L bar,
5 Pa
— _DC 201F Num=4
- T SRCAT7
{ > N o ldc=3 mA
C=10pF
e
Emitter_length=3 Emitter_length=3
\1 Vb_bar -
AAA AN —| c=C2fF
e R R I
! R7 R3 |
. R=1mChm R=1mChm
Ve Ve bar /] Viung /]
~ c13 ~ 622 ~ | \ é | ‘ tl / |
_bc C=C1fF _DC C=C1fF _bC L_ Yerr L -
C+) ERC}M *‘\I {¥) ERCEH . ]: G) ERC;: . &;'?7’- == & el
c=3 m c=6 m! =3 m!
@‘ﬁm_er_l_ngﬁxi @‘ﬁlﬂer Iengﬁxi
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Design Example (3): Transient Simulation

Build - up of oscillation

1s not shown here.

Note that the time axis
starts at 90 ps.

X18.Ic_internal.i

-2': T ‘ T | T | T ‘ T ‘ T ‘ T | T | T ‘ T
a0 a1 g2 93 94 95 96 a7 ag 99
time, psec
0.008 Transistor loadline
0.006—] simulation
0.004—
0.002—
0.000 I | B
160 165 170 175 180 185 190 195 200 205 210

Ic1.i, mA

X18.lc_internal.i, mA

(Ve-Ve)

VC E

Ye2, my

10
87
6—
4]
21
0—

2
]

i T | ‘ T ‘ T | T ‘ T ‘ T | T | T ‘ T
90 91 a2 a3 94 95 a6 a7 98 99 100
time, psec

400
200
. |
E o
(&)
= J
-200—
-400 SN N A L B R By B o
90 a1 a2 93 94 a5 a6 a7 98 99

time, psec
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2nd Example : Common-Collector Colpitts

Capacitor reduces loading
of oscillator by common -

base output buffer

resonator inductor

Woutput

=3,

k=
> 10T
OF w «

Emitter_length=5

Cc32
C=301F

-

VAR1

R1

R4
R=50 Ohm _ R=50 Ohm
scaled_HB <
x1a \ bar
Emitter_length=3
Woutput_bar Paort
Voutput Pai- :
Mum=4
™ e -
|\A Emitter_length=56

‘4

Emitter_length=3

—- c2s
— " C=10pF

C2=454 lc1
C1=225{t} Ve
Lresup=1.46 A
Lreslow=2.91
Cres=0{t}
L\Cea:zsd,{g} ;18 ed_HBT_two ~ - l — )Eug ed_HBT_two ééé B
Wres=: T I| I| _‘—I
Hsub=10 {t} Emitter_length=3 A TL_1 w ALIN Emitter_length=3 H=Hsub um
58 Er=2.8
mr TL2 _
‘S\’u_l?a:t- BCB * Subst="BCB" Cond=4.1e7
W=Wres um W=Wres um T=0.5um
Port Fort L=Lres um ne - =
e e B DG |<iresum — TanD=0.00
Ve —SRC13 C
L) L= ?&F ~ lde=6mA c22
R2 R3 1L Al C=C1TF Lo par
R=1mOhm R=1 mOhm 1 A s .
_De car C) SRC15
c ¥ ) srcis 2F c=C2fF b Jde=3 mA
20 C Idc=3 mA)
c21
C=10pF L
2 c=10pF 5= 1
b_bar R=1 MOhm
feedback network

Common - collector Colpitts with common - base output buffer.



1000%real(Y(1,1))

1000"Iimag(Y(1,1))
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2nd Example : Common-Collector Colpitts

Port admittance Transient Simulation
10—
5
] m10 s
03 freq=620.0GHz 20 < .
1 1000*real(Y(1,1))=-5.093 E o
4 m10 25 T
B > I
N R VAVANV ANV S
7] =>> £ o]
] 35 &= 7]
-10 u T T T T T T T T T T T T T '40*\/\/\/\/\/\/\ g Di
01 02 03 04 05 06 07 08 09 10 45— 2
@0 91 92 93 94 95 96 OF 93 99 100 90 91 92 93 94 95 9 97 98 93 100
frEq’ THz time, psec time, psec
0.00 188 ]
50 1 1861
m16 é 4 = 187
0 m16 2 %i’. .
freq=620.0GHz o % ]
o] 1000%imag(Y(1,1))=0.116 = -
-100— f 19190‘9‘1‘9‘2‘9‘3‘9‘4‘92‘9‘6‘9‘7IB‘B‘Q‘Q‘WD
175 180 185 100 105 200 205 210 215 220
-150— (Ve-Ve) time, psec
-200 LA N N ) Y N S N N S N L

freq, THz
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Jnd Exampie : The Real Design

Leq(900) Q, L¢q(47p)

Plane of symmetry
(= virtual ground plane)

e
AMAA
YYVY

Ry

(100 0} Loutt I

RB -
(200 Q) 3
<HH

€y

X

VEB VEE VTI.INE
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Jnd Example : The Real Design

4
e s R S S S 3f
. ! | |  346GHzFFO 0 et
B0ttt e o - & 2
3 SRR | e "
5 B0 A 1 T i A S 0
@ N £ 4 ——VCO-573
2 0 [VBW = 1IMHz AL TR iy S —0—VCO0-473
o ; 8 -2 —=—VCO0-390
-80 S Lo R ] Veo-337
N T TR R N R S R o Y S oy
CENTER: 216.9 MHz SPAN: 100 MHz Varactor tuning voltage (V)
-60
-855 —— FF0O-267

FFO-287
FFO-310
FFO-346

Phase noise (dBc/Hz)
R
=] o o ] Qo o o

105 - =
110 prs
Offset from the center (MHz)
Process Oscillation Frequency Single-ended output power' (dBm) Phase noise
. Simulation w/ Simulation w/ Measured Measured (@ 10 MHz
Technology Design Measured . i 2 3
revised HBT model | revised HBT model (uncorrected) (corrected”) offset
THzIC1 292.4 GHz 267.4 GHz 261.5 GHz -3.6 dBm -5.1 dBm -2.1 dBm -102.4 dBc/Hz
THzIC1 3154 GHz 286.8 GHz 280.6 GHz -4.7 dBm -6.9 dBm -3.9 dBm -99.8 dBc/Hz
THzIC1 336.5 GHz 310.2 GHz 303.7 GHz -6.4 dBm -9.2 dBm -6.2 dBm -95.6 dBc/Hz
THzIC1 387.8 GHz 3462 GHz 346.0 GHz -7.7 dBm -11.0 dBm -7.0 dBm -88.8 dBc/Hz
THzIC2 397.0 GHz 412.9 GHz 394.5 GHz -3.5dBm -11.1 dBm -5.6 dBm -
THzIC2 508.0 GHz 487.7 GHz 505.9 GHz -5.2 dBm -16.4 dBm -8.9 dBm -
THzIC2 587.9 GHz 573.1 GHz 586.3 GHz -9.0 dBm -36.2 dBm -19.2 dBm -
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