Chapter 4

Oscillators

There are several types of sources of microwave signals:

¢ Black-body radiation All materials give off a small amount of microwave radiatigue to black-body
or thermal radiation. This effect is used in passive remetssisg and receiver calibration.

e Microwave tubesThese sources are typically used for very high power agitios.

¢ Diodes. A diode source converts DC into microwave energy by makirgafsa negative resistance

voltage-current characteristic (one-port oscillators).

e Transistors. Transistor microwave oscillators are similar in principdelow frequency oscillators—

amplifiers with feedback (two-port oscillators).

4.1 Oscillator Basics

In studying the stability of an amplifier design, we recoguizhat we can have a transistor with an input or
output reflection coefficients have a magnitude greater timéty. The question is: how do we use this fact

to form an oscillator?
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Figure 4.1: Block diagram of a simple feedback network.

By analyzing a simple feedback network, we can find the camditnecessary for oscillation. From the

block diagram in Fig. 4.1, the output signal is

vo = A(w)[vi + B(w)vo]

45

(4.1)
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Rearranding this expression gives the transfer functighetystem:
Vo A(w)
—_—= 4.2
v~ 1= BWAW) “2)

For oscillation to occur, we want an outpytwith no inputv; (v,/v; — o). This leads to the condition

Bw)Aw) =1 (4.3)
We see that the loop gain must have: 1) unity magnitude agds2phase, where is an integer.
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Figure 4.2: Oscillator network with load on the left and &et{nonlinear) device on the right. Because the
device is nonlinear, its input impedangg, is a function of the current amplitudé and frequencyw.

Now, let us look at the same concept from a microwave netwoiktf view, as shown in Fig. 4.2. We
assume that some noise signgldue to thermal or another type of noise is input as an addititomward
wave into the active device. The total forward wave into teeicke is

Gin = 0n+Tinl'rLan
Gnp,
S — 4.4
1 -TI'y (4-4)
The forward wave into the load is
anlin
= Fin in = 4.5
ar, a [ T.T, (4.5)
For oscillation, we must have
il =1 (4.6)
We now want to change this to a condition on the load and déwipedances:
Fin(A,w)FL(w) =1
Zin(A,w) —Zo | [ ZL(w) — Zo| ]
Zin(Ayw) + Zo ZL(W) + Zo B
ZinZ1 — Zo(Zin + Z1) + 2% = ZinZ1, + Zo(Zin + Z1) + Z2
Zin+ 21, =0 4.7)
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where A is the signal amplitude. Breaking up the impedances intb apd reactive parts leads to the
conditions

Rin(A,w) + RL(w) = 0 (4.8)
Xin(Aw) + X1 () = 0 (4.9)
For the reactive part, we choosér, (w) = —Xi,(A4,w). Now, the question is how to picRy(w) so that
oscillation starts up properly and to provide high outpuven
Rin (Aw)
A, A
_RO

Figure 4.3: Device resistance as a function of current dog#iA.

Let us assume thak;, (A, w) is linear in A. (Does this mean that the device is linear?) Let us denote the
A = 0 intercept asR;, (0,w) = —R,, as shown in Fig. 4.3. The input resistance can be expressed a

Rin(A7w) = —R, [1 - A/Am] (410)

whereA,, is the output signal level at whicR;,,(A,,,,w) = 0. The power available to the load is

A %Re{VI*} (4.11)
= SIIPRe(Zn(A,w) (4.12)
_ %\IPRin(A,w) (4.13)
_ —%AQRO[l—A/Am] (4.14)

Note thatP,,, is negative, indicating that the network is supplying poteethe load rather than dissipating
power. We can find the maximum of the power delivered to thd lpasetting the derivative of P,,,, with
respect taA to zero:

d(—Payn) 1 9
—_ 7 = —R,[2A, —3A;/A,] =0 4.15
el - a /A (@15
The solution is 5
A, = §Am (4.16)
At A = A,, the device input resistance is
2 1
Rin(Ao,(.d) = _RO |:1 — §:| = —gRO (417)

so that in steady state oscillation we wédt), = — R, /3 to maximize the output power from the oscillation.
Intuitively speaking, as the current amplitudethrough the device increases, the device saturatesipd
will decrease untilR;,, + R;, = 0. So, we back off from the saturation point to a smaller valuieloThe
resulting design rule is that Ry, (0,w) = —R,, for small signal conditions, then we chooBg¢ = R, /3.
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4.2 Negative Resistance Oscillator Design

We will now look at a design procedure for a transistor oatill. The goal is to take a transistor and add
networks to one of the ports to produce a one port deviceghatstable, or in other words, exhibits negative
resistance. The one-port procedure developed above aab¢hesed to design a tuning network to complete
the oscillator.

If the transistor is not unstable enough for use in an oseillan additional step is required to increase the
device instability. Generally, we consider a transistoa &so-port device, but if the transistor is too stable,
we can treat it as a three-port device and add reactance tf ¢ime ports, to produce a new two-port device
which is more unstable.

The design procedure is as follows:

1. Select a transistor and a DC bias point. Generally, yowgaen the two-port common emitter or
common source S-parameters from the manufacturer.

2. Increasing the instability of the transistdf.the transistor is unconditionally stable or it is potaiir
unstable but the unstable region is not large enough, tbhéistaharacteristics of the transistor need
to be changed. This can generally be done by adding a reactanune of the device terminals.
Commonly, a reactance in the base/gate will work well.

(a) Compute the 3-port S-parameters for the device from ¢inenton emitter parameters (see the
section Appendix). Port designations are: 1 = base/gatezdlector/drain, 3 = emitter/source.

Emitter Collecto
— 3 21—
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1
—h

Figure 4.4: Terminating the gate of a transistor with an idgmee in order to change its stability character-
istics.

(b) Decide which port will receive the destabilizing reaxta. The base/gate is typically used.
Assuming that that port 1 sees a reflection coefficiert;aflue to an impedance terminating the
base which are trying to design, we want the new two-port @maters for ports 2 and 3 to be
such that the reflection coefficients are as large as possibtehe three-port S-parameters,

by S11 S22 Si3 a
by | = | S21 S22 S23 as (4.18)
b3 S31 Sz S33 as
Sincea; = T'1b; — by = a1 /Ty, the first equation in the linear system becomes
% = Si1a1 + Si2a2 + S13a3 (4.19)
1
r r
0y = S1al' S13l' (4.20)

1-— SHI‘l @2 1- Sllrl “
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The remaining equations become

S215121"1 S21513'1
_ Sl 4.21
by [522 + 1 511P1} as + [523 + T 511F1] as ( )
B S31512I' 53151311
by = [532 + Tﬂrj az + [533 + m] as (4.22)

This procedure can of course be performed with the ternrmgatactance at one of the other
ports if needed.
We now have a new common base two-port network with S-paemsgt’, or

S215121M

Sﬂ::Sm—kT:?iﬁq (4.23)
Sty = Sz + % (4.24)
&5::SM-+{?§%E§% (4.25)
&£:=S%-+{§§%§§% (4.26)

(c) We need to find a good value for the reflection coefficienof the base reactance. To make
the new network unstable, our ultimate goal is to mdkg| > 1, whereT’, is the reflection
coefficient looking into port 1 of the new 2 port network:

SLSLTr

P = Sh+ g,
22

(4.27)

To make this reflection coefficient large in magnitude, wd pitk a value ofl'; that makes
|ST,| large. One approach is to consider the Smith Chart asthelane and plot thel'; | = 1

circle (corresponding to a reactive element at the basepersmith Chart. Solving the%,

equation fol'; leads to

(1 — S11P1)Stlrl = 522(1 — S11P1) + 5515191 = S99 — ALy (4.28)

(A =S STy = 9 — 51, (4.29)
QT

rlz-ézi—ﬁﬁf (4.30)

Setting the magnitude of this expression to one leads tekean theS?; plane with center and
radius given by

Sy — ASH

Ci = 431
S12571
= | 4.32
n- | 4.32)
We choose the poirﬂ’lTl,]{mLX on this circle for whichS7; | is a maximum. Using Eq. (4.30) with
571 = 51} max» We can compute the corresponding valudgfthat maximimizesS{,|. The
required base reactance can be found from the reflectioficest:
. 141
X1 =Zy—— 4.33
JX1 T, (4.33)
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Figure 4.5: Terminating the emitter of the transistor withimpedance in order to achieve a reflection
coefficient looking into the collector with magnitude grathan one.

3. Terminate the 2 port device to make an unstable 1 port deWmneed to design a termination on
one of the remaining ports to make the system unstable atdbieed frequency. If we choose to
put a termination on the emitter (port 2 of the two-port natgyothen the reflection coefficient at the
collector (port 1) is

STSE T
Dy, = ST, + =222 - (4.34)
1 - STy
Solving for the reflection coefficient of the port 2 termimatigives
ST — T
[y — 22U L 4.35

Assuming a purely reactive termination, tfig-| = 1 circle on thel';, plane has center and radius

_ Sh - ATSy

Ci = (4.36)
1 — |55
T oT
Tin = '%;12 (4.37)
1 —[55]
The maximum achievable magnitude 1ay, is
I‘in,maux = (|Cln| + 7"in) ZCvl (438)

and we compute the corresponding valué'gffrom Eq. (4.35). The termination reactance is

. 14+I'r
Xt =7
JAT OI—FT

(4.39)

4. Since|l'y,| > 1, the real part of the impedance looking into port 1 is negatRe Zi,} < 1. We
now have a one-port negative resistance device, and camesme-port negative resistance design
procedure to determine the load impedance that the callgoie should see. We design a tuning
network on the collector port to make

X, =-X; (4.40)
Ry = |Rw|/3 (4.412)
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Since the load that the oscillator is driving is a part of tineirtg network on the collector side of the
transistor, we will take the signal output power from thdextor, which is port 1 as a two-port device
(or port 2 as a three-port device).

It is also possible to take the power from the emitter (pors@)that the load is part of the termination
network at the emitter instead of the tuning network at théector. The termination and tuning
networks can also be swapped between the emitter and oollect

If the transistor is already potentially unstable and itas mecessary to destabilize it further, step 2 can be
skipped.
Section Appendix: Three Port S-Parameters

Suppose we have a three port device which has terminal tlmeected to ground. The two-port S-
parameters for this configuration are specified as

| sk SE |
21 22

The corresponding three-port S-parameters may be compsied

Sam = > Y. SE (4.42)

i=1,2=1,2
Ssum

— sum 4.43

S33 R (4.43)
1+ 8

S3y = 5 2 (1- 55 - s (4.44)
1+ 8

Soy = 5 33 (1- SE — sz) (4.45)

523532
Soe = SE 4.46
22 22 + 1 T 533 ( )
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