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Analysis of an Experimental Technique for
Determining Van der Pol Parameters
of a Transistor Oscillator
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Abstract—The Van der Pol (VDP) model of a transistor oscilla- array, we are faced with a problem that is not easily solved
tor describes the behavior of the oscillator with three parameters. with current software. That is, the large-signal models of the
When operating in steady state, only two parameters can be y,nqisior have many variables. Additionally, since almost all

determined by spectrum analysis, these being the oscillation . . . .
frequency and amplitude of oscillation. In this paper, a technique of the variables have nonlinear saturation characteristics and

for measuring the other VDP parameter is examined. In this are bias dependent, there is generally no easy way to predict
approach, a periodically modulated voltage is added to the bias how oscillators will perform if parasitics are introduced or
of the oscillator to perturb the operational state. A theoretical jf phias conditions drift. As the number of oscillators in the

derivation shows that the power spectrum of the perturbed . o jncreases, the array performance becomes more difficult
oscillator contains additional information for determination of

the other VDP parameter. A simple analytical perturbation O ana!yze, as bqth the computer time and computa.tional
formula predicts the oscillator's response to the ramped bias. errors increase. Since Van der Pol (VDP) coupled oscillator
Our experimental results agree with the analytical perturbation theory has been recognized as an effective way to describe the

solution and, therefore, this aII(_)WS one to read off the other performance of a coupled oscillator array, a VDP equation
VDP parameter from the experimental data. The VDP model for a single transistor oscillator is used in our modelin
allows one to predict the behavior of coupled transistor oscillators 9 9

more accurately and simply than does the traditional large-signal The purpose of this paper is to develop simple experimental
model of the transistor. This VDP model will simplify oscillator techniques to determine the VDP parameters for transistor
array design since the number of parameters needed to describe pscillators. It is the importance of understanding the time-
each oscillator is reduced from that which would be required  ganendent dynamics of oscillator design that motivates use
using a large-signal circuit model. .
of a VDP model. The VDP model allows the dynamics of an
oscillator to be reduced to only three parameters: the resonance
frequency, the oscillata® factor, and the nonlinear saturation
OUPLED transistor oscillators are one implementatiocoefficient. If, for example, active antenna grid arrays [11]
for active phased arrays. The design of such actiage to be used for beam steering and other radar applications,
arrays requires one to analyze and predict the performanemwledge of the dynamics enables predictions of how fast
of coupled oscillators. In a conventional approach, transistan antenna can be steered by an external signal and what
oscillators are investigated by using large-signal models pBandwidth can be expected using specific transistor elements.
MESFET'’s or high electron-mobility transistors (HEMT's) |n 1927, Van der Pol investigated the self-sustained triode
[1]-[8]. The harmonic-balance technique [9] is often used igscillator. He observed that the saturating characteristic of
these large-signal transistor models for nonlinear microwagetriode is the one that is proportional to the cube of the
circuit designs. These models can predict performance @cillation intensity [12]. Later, the formuta— (¢ — naz?)z +
power monolithic microwave integrated circuit (MMIC) am-,,2 = 0 to describe this type of self-sustained nonlinear
plifiers and oscillators [10]. However, using computer-aidegkcillation was named the VDP oscillator equation. Since
design (CAD) tool packages to analyze a coupled oscillatpp27, extensive work in the field of self-sustained oscillators
Manuscript received December 30, 1996; revised April 7, 1998. This wolk&S been carried out by many researchers [13]-[16]. Examples
ngoitipggrgeclilg)é glr?d %rije?f(gfaemofN ’(\)lg(\)/ﬂ ggsle&:gz (gnl\(lth)h gngesr i:éintlude laser, mechanical, and electrical oscillators. Previous
gesearch Office (ARO) under Grant DAAL-03-92-G-0289 and under Gral ¥Ud|es have shown ,that eve,n though different meChfr’mlsmS
DAAH-04-93-G0191. govern the self-sustained oscillators, they can be described by
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Fig. 1. Three ways of denoting the equivalent circuit model of a common source transistor oscillator. (a) With circuit parameters. (b) As a two-port.
(c) As a one-port.

Therefore, in this paper, the experimental approach is usegresented by the VDP equation, as Adler so eloquently
to yield the more accurate parameters to be used in the VO&scribed in [17]. To demonstrate that the VDP parameters
model. The steady-state solution of the VDP equation contaim® a function of the circuit parameters of an oscillator and to
sufficient information to determine two of the parametershow how the oscillator circuit can be cast as a VDP oscillator,
This paper provides another method to determine the satradiating oscillator built with a Fujitsu HEMT ($n35x) is
uration parameter of the transistor oscillator by applying @sed as a specific example. An equivalent circuit model of an
time-periodic perturbation to the bias voltage of a transistortrinsic MESFET or HEMT [19] is adopted in our modeling.
oscillator. The analysis of the slightly perturbed oscillatoFhe circuit parameters of the transistor are extracted from
is carried out by using a multiple-scale expansion. Whentlae data sheet [20]. The impedance of the source—drain load
transistor is externally modulated, the sidebands generatedsirrepresented by the symbdl;,, and the impedance of the
the power spectrum contain the necessary information. Qgate—source terminal load is represented by the synihol
approach for obtaining the VDP parameters is experimentaBpth impedances can be calculated from the passive circuit
verified, and the results agree with the theoretical predictiogeometry once the main operation mode in the structure is
The remainder of this paper is organized as follows. ldefined. Starting with the small-signal equivalent circuit of
Section Il, we will give an example of how the behavioFig. 1 and lettingAy be the ratio of the alternating voltage
of the transistor oscillator can be described by the VD&op v; in the gate—source capacit6i,, to the gate—source
equation. In this example, we will demonstrate that the VDWltage v, one can write
parameters are directly related to the circuit parameters of the
oscillator in a large-signal limit. In Section Ill, a method for Ag =
experimentally determining the VDP parameters is derived.
From the theoretical derivation and numerical calculationghere 7, = CysRgs. Typically, the value ofr; is on the
we show that the VDP parameters which cannot be measutgéer of 10-12. Since the frequency of our oscillator is in the
from a steady-state oscillator can be evaluated by the propoggghhertz ranged, can be approximated to bé, ~ 1. This
technique. In Section IV, the experimental implementation arien shows, to this order of approximation, thatandv,, are
results for verifying the theory are discussed. Conclusions agentical. Referring to Fig. 1(a), one sees that this is equivalent

v 1 (1)

Ugs o Jwt +1

discussed in Section V. to ignoring Ry, with respect ta’,,, an approximation to which
we will hold to in what follows.
ll. VDP EQUATION FOR A SELF-SUSTAINED Defining A, as the voltage amplification factor—i.ed; is
TRANSISTOR OSCILLATOR the ratio ofvys to v1 (referring to Fig. 1), the following result
is obtained:
A. Linear-Circuit Model A = gmBas 21 @)

The feedback mechanism for transistor oscillation can be Ras + 21 + jwCasRas Z1,
provided in many different ways. Oscillators can have a conwhere it has been assumed ti@l; < Cus. Therefore, the
mon source, common gate, or common drain configurationgput admittancey;, can be shown to be
and they can have additional capacitance, inductance, or resis-
tance as feedback elements. Even though the physical feedback, — jwCgtjwCya |1 ng}lSZL A3)
mechanisms are different, a self-sustained oscillation can be Ras+ 21 +jwCasRasZr,




916 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 7, JULY 1998

30 . : . . . : . ‘ 59
é; 580
25+ .. Measured Data (***) Vgs=0.2V i =
H H S
- [=} 5.7_
Fitted Data (solid tines) // 5
2 — : {1 B S T
: : : : S .
—_ H .5 1 4. 1 1 i 1 1 "
- ; 0 001 002 003 004 005 006 007 008 O .
E s : Vgs=04V 09 01
-\BI : / a.c. vgs (V)
/ o : 0
10 _ : : I a5 al
/ ; Vgs=0.6V ¥ -
” ; ] 4 2k
5p i e : 5
/ ! : H 2 3r
: : 3
‘ ~ -4+ 4
% o1 02 o3 04 05 o5 07 o 5 ’ ' -
’ ) ’ ’ i . ’ 08 09 ! 0 001 002 003 004 005 006 007 008 009 0.1
Vds (V) a.c. vgs (V)
Fig. 2. TheI-V curves of the HEMT fix35x. Fig. 3. The effect of the amplitude of ac gate-source voltage on direct

. L . . . drain—source current in the channel.

where, as in (2),Cyq is ignored in comparison withCy. ) o .
However, one cannot ignor€,, completely, as it is the T_he purpose of this section is to show how th_e nonlinear-
element which provides feedback from output loop to inp@rcuit elements eventually can be replaced with the VDP
loop. This feedback is what allows oscillation. On€g, has €duation. For the HEMT, the advanced Curtice model [1]-[3]
been taken into account in the determination of the inplft Used to fit the curves at different gate-source voltages. In
impedance, it need not be taken into account again. It is tH¢ transistor mode,,,, Cgd, Cgs, andCys are nonlinear and
smallest value of the elements of the circuit and need only BE&s dependent. However, if we assume that the main nonlinear
included to first order. Following a similar discussion mad@lément contributing to the saturation is the transconductance
by Sevin [21], it can be seen from (3) that #, is either 9=, W€ can calculate the dependencegqf on the ac gate
purely resistive or capacitive, the input impedangg has Voltage. The Curtice model describes the drain current with
a positive resistance and the transistor is stable. HoweV&SPect to the drain-source and gate-source voltages as
Wh_en Zy, is inductive, th_e inp_ut impedance can have negative_fds(‘/:gs’ Vi) = B(Vis — Vas)™(1 4+ AVyy) tanh (aViy)  (5)
resistance and the transistor is unstable, as can be seen from the
expression in (3), when Z;, of jwL is substituted, to obtain where also

d-[ds

(4) Im = d‘/gs.

Values of parameters, x, A, and « are obtained from
nonlinear fitting of the/—V" curves and are bias independent.

i ngrn,RdsL
Rds(l —w2L0d5)+ij )

Substituting Z;, = jwLy into (2), we observe that the
transistor can be unstable, i.¢4;| can be greater than ONe, 1\ 4e bias conditions of our oscillator are, — —0.6 V and

at the same time that the phase df can be close or N . . 5
equal to 180. This is exactly the case for positive feedback‘./‘ls = 0.6 V. As the oscillator begins oscillation at frequency

Although Cq may be small and, therefore, the quantity of \é\"‘t/h ac vglta;)ge amplitudes, and vas, the voltagesV,
positive feedback to the input loop small it is unstable. ARNG Yas 1N (5) become
important observation is that this measured phase relation- Vas = Vigsde + Vgs cOs (wt) @)
Shlp. of the 'tranS|stor in the unstable region a.grees.vvllth Vis = Vits de + vas cos(wt + ¢). (8)
previous optical sampling measurements on this radiating

oscillator [22]. Oscillation initiates inside the transistor wheBy substituting (7) and (8) along with fitting parametets

the magnitude of the negative resistance is larger than teand X into (5), and expanding the terms in the frequency
termination impedance. As the intensity of the oscillatioMariable w, I4; becomes the superposition of the following
increases, the effects of nonlinear components in the circtgtms:

will govern the saturation characteristics of the transistor 0

oscill%tion, forcing the oscillation to reach the steady state. fas = Laso (@) + Laea (@) F Lasz(20) -+ ©

It is these nonlinear bias-dependent saturation characteristidserel . is the component of the dc current in the channel.
that can be determined and cast into a qualitatively moFeg. 3 shows the relationship of the magnitude of the dc current

(6)

YVin = jwcgs +jwcgd 1

fundamental formalism which uses the VDP model. 14 versus the magnitude of the alternating voltage It can
be seen that as,, increases/y, increases. The drift of the
B. Saturation of a Radiating Oscillator dc bias voltageAV,, due to the change of dc current can be

To reach steady-state oscillation, an oscillator must haveCQICUIatEd as follows:

nonlinear feedback element. In our case, this element is the AV, = Lus — Iys de (10)

transistor. The/—V' curve of the flk35x is shown in Fig. 2. Im de
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Fig. 4. The effect of the amplitude of ac gate—source voltage on transcon- (@)
ductance from the nonlinear computation.
£33
. . . . . "-
In (10), gm ac is the transconductance at the original bias poir Vi
Notice that all the circuit components of the transistor a f_,f’
bias dependent. However, the sensitivity to the change of /
. . 4.8
voltages is different from component to component. It has be oo
shown that transconductance is the main gain mechanism g ,,f"f
H H : E 154 1|. v
the HEMT and is also the most nonlinear component in ti - g
transistor [19], [21]. The relationship of the transconductan® e
gm With respect to ac voltage amplitude, can be computed  15is+
directly from (6) to (10). Their relationship is shown in Fig. 4 e
The effect of the bias dependence of gate—source capi jsis: i
tanceCy, on oscillation has also been studied. The results P
the calculation indicate that the capacitaii¢g plays the role ., ,

of positive feedback and the transconductapgeplays the L

role of negative feedback in our oscillator. Since the saturati e v (W)

effect is the main consideration in the investigation (i.e., we )

only consider the case where the oscillator will reach the _ _
steady state), we conclude that the main effect of nonlinearﬁég' 5. The effect of the amplitude of ac gate—source voltage on the (a) input
.. ' . resistance and (b) input reactance of the transistor.

is indeed from the transconductance. Fig. 4 shows that the

value of the transconductance is increased as the ac voltage o _

vgs increases. The VDP oscillator equation can be derived [@s shown in Fig. 5(a)]. Eventually, when the magnitude of the
a rather straightforward manner. Referring to Fig. 1(b), faregative resistance equals the load resistance, the oscillation

oscillator design we define reaches a steady state. Fig. 5(b) shows that the input reactance
. X, is inductive in our oscillator. The value of the reactance
Zin = Rin + jXin (11)  aiso changes with the amplitude of the oscillation. To derive
and an equivalent VDP model for the transistor oscillator, we can
: 1 assume thal andCy are fixed within the frequency range of
Zy =Ry + jXr =Ry + - 12 : b o -
T AT T JwCr (12) operation. The equation describing the circuit becomes
where, for simplicity, we have assumed that our input termina- )
tion consists of a ser.ieRT and.O. The effect of.the amplitude ﬂ + (Ry + Ry)i + L /L dt = 0. (14)
of ac voltage on the input resistance and the input reactance of dt Cr
the transistor is shown in Fig. 5(a) and (b). Their relationship
can be fit into the simple form Since Cyq is small [23] and we have already taken it into

account in theZ;, calculation, we can ignore its effect on the
currenti(¢). In this limit, the current(¢) is roughly related to
the voltagev across the capacitancg,; by

Rin = —Rino + minv2, (13)

where Ry, is the initial input resistance of the transistor an
mi, IS the fitting parameter. When the magnitudeRf, is
larger than the load resistance, the amplitude of the oscillation i— O v (15)
increases. As a result, the negative input resistance decreases ot
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This is equivalent to saying that the positive feedback is small 0 dBm : S
in steady state. Using (13) in (14), we obtain

% + (B — Rino + minv2)i + CiT / idt =0 (16)
and the circuit equation of the oscillator can be formed by
substituting (15) into (16) to obtain

0 MHz

T
p

-80 dBm = : :

&*v  Rino—Rr <1_ 3minv? ) v v 17) CENTER 3.5GHz SPAN 250.0 MHz
dt? L Rino— Ry ) dt = LCr ' Fig. 6. Power spectrum of the transistor oscillator.
Letting & = (Rino — Rr)/L, v = 3min/(Rino — Rr), w3 =
1/LCy, andz = v, (17) becomes the VDP equation where
Az 9y dx 9 o?
bl - = = =wot|1l— —=+---). 20
s a(l — ~vx*) o +wiz =0. (18) T =Wo 1622 + (20)

The derivation has qualitatively shown that the voltages afince «/w, is small, the higher order terms of the solution

currents of a transistor oscillator obey the VDP equatioBan be neglected. The approximate stationary solution for
The nonlinear input resistance is the saturating factor of th§ce-free oscillation is

oscillator in this case. Even when the configuration of the 3
oscillator changes, the form of the equation should remain the T = \/j cos (woT).
same. However, the detailed relationship between the VDP
parameters and the oscillator parameter can be dramaticalith a high<Q resonator, an oscillation frequency of the VDP
different. In (18), parameter is the saturation coefficient or oscillators is close to the resonant frequemgy The amplitude
damping constant andy is the resonance frequency in thef the oscillation is inversely proportional to the square root
absence of dissipation or gain. The constans$ proportional of parametery. The oscillation frequency and the magnitude
to wo/Q [14], where(@ is the @ factor of an oscillator. In the of a VDP oscillator can both be obtained from a measurement
case of a high)-factor resonator where the frequency-lockingising a spectrum analyzer. Therefore, the parametean
range of the oscillatoAw < wy, the value ofa is evidently pe determined experimentally. Fig. 6 shows the spectrum of
much smaller thanw. a self-oscillating active antenna. We can see that the second-
Clearly, VDP parameters can also be evaluated numericadlytier and higher order terms of the steady-state solution in (21)
using the circuit parameters given on the data sheet. Howevgig too small to be detected by the spectrum analyzer. This is
the direct calculation of the VDP parameters from the larg@urther proof that the active antenna is a VDP oscillator and
signal transistor parameters has the following disadvantagess small values ofy Jwo.
First, the calculated parameters are model dependent. AccuratRotice that the stationary solution of the VDP equation in
models of the/-V" curve and the nonlinear components of @1) only gives information about the parameteibut has no
transistor are required. Any error in one of these models wilformation about the absolute value @fwy. If one wants to
result in a different value of and~, which in turn will result  determine all of the VDP parameters experimentally, one needs
in a false prediction of the coupled transistor performancgnother measurement. Since the constaris proportional
Second, the calculated VDP parameters are circuit depw—wo/Q, the relative value of can be estimated from
dent. Different configurations of the passive circuit structurgfeasuring the locking bandwidth of the oscillator. Calibration
will result in different types of relationships between thengf a locking measurement can be a problem. Here, we will
Therefore, real-time measurements on an oscillator to obtaitnsider another technique.
VDP parameters are more realistic. The real power of usingThe technique we propose in the following derivation can
a VDP equation comes not only from its reduced parametgs used to complete the parameter determination. In this
space, but from the ability to quickly evaluate the parametespproach, we add an external sinusoidal signal with frequency

(21)

experimentally, providing a simple diagnostic tool. w; to the original bias voltages of a self-sustained transistor
oscillator. Thus, the formulation which corresponds to the
[ll. THEORY OF DETERMINING THE VDP VDP equation can be described as follows:

PARAMETERS EXPERIMENTALLY P

In Sections | and I, we have justified that self-sustained g2 dt
OSC'"at'O.n IS governeq by the'VDP equat!on. Itis known thalthe VDP equation with constant coefficients has been treated
there exists an analytical stationary solution of (18) under the

. ; S by many researchers [12], [14], [24], [25]. However, to our

condition that« is small, compared tayg, which is given by ; : . .
[24], [25] knowledge, the solution of (22) is not available in any of the
' previous studies of the VDP equation. As we know, there is no

]2 3 . 1 (3 simple closed-form expression for such a nonlinear oscillation,
YL T+a Lor/7 St T_4w0\/f7 S (37) )+ it is possible for one to try to obtain the approximate

(19) solution of the differential equations under certain conditions.

dx

— a1l — ccos (wyt))(1 — yz?) +wiz=0. (22)
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In this section, we will use a multiple-scale expansion method o
to analyze (22) and to predict what will be measured b§
a spectrum analyzer. Furthermore, we will explain how tg'?
extract the parameters from the measurement. Again, ﬂ"gs i
approach is used under the assumption #hat, is much 3
smaller than one. The comprehensive treatment of this type pf ;|

0.5F -

stationary oscillation is shown as follows. Using the method &
multiple scales [24], we introduce new independent variabl@
according to s
Ty=¢t, n=0,1,2 . (23) &
It follows that the derivatives with respect tan terms of the % |
partial derivatives with respect th are related by E : :
d g dily g dIy 2% 0z 04 06 08 1 12 14 15 18 2
—_—= — — 4+ — — 4. =Dg+€eD{+--- (24
dt 8T0 dt 8T1 dt 0 1 ( ) Frequency f (Hz)
and Fig. 7. Power spectrum of the VDP equation with a periodical coefficient
a2 calculated from a numerical simulation. Simulation parameters 0.01,
W — Dg +2¢DoDq + - - - (25) v = 0.01, wg = 1 Hz, andwy = 0.1 Hz.
where where terms like(1 — vx3) are zero to first order and terms
D — d b 0.1 2 .. (26) like =123 were ignored D3 can be explained away as follows.
" ar,’ T s To lowest order, we would likeq to vary with 7y andz; to

vary with 77. Dependence of, on 73 andx; on 7, should

) 1 . N
Taking ¢’ ande' as the first-order approximations, we seek s weaker. The second derivative ofvith respect tdl can

approximate solution of (22) in the form indeed be seen to lead to terms2af,, which is counter to
x(t, €) = zo(Ty, T1) + exy (To, T1) + -+ -. (27) the multiple scales hypothesis. Ignoring this second derivative,
o i ) we find that
Substituting (27) through first order into (22), we have T
Bzo Lz , Ty = —y Z w—[Sin((wo-i-wf)t)—i—sin((wo —wp)t)] (33)
W—FGW—Fwoxo—i—fuJoxl 0

dzo dy where a t_rigonometri_c identity has be_en used, as has the fact
= a(l+e¢ cos(wst))(L—y(wo+exr)?) <%+c %) that 7, is justt. The first-order correction to the lowest order
solution has added sidebands to the fundamental at an am-
(28) plitude e«/2w, [see (27)] below the fundamental. Successive
corrections would add successive sidebands at angular fre-
guenciesyytnw; with amplitudes proportional to coefficients
multiplied by (ecr/2wq)™. We will see in Section IV that this
Dixo + wpzo + €(2Do Dy o + Dz + wiry) is indeed the experimental result. Measurement of the first
= af(1 — y23) Doxo + e(cos(wt) Dozo — 2yxor1 Dozo  Sideband and comparison with the theoretical result will be
+ (1= y22)Diwo + (1 — ya2) Dozt )] (29) sufficient to determine the, which is what we set out to do.

Transforming the derivatives and keeping the teefhand ¢!
only, the left and right terms of (28) become

Equating the coefficients of like powersg) and ¢! on both IV. RESULTS AND DISCUSSION
sides (left and right terms) of (29), we have We have now shown that the VDP damping factotan be
D3xo — a1 — y23)Doxo + wizo =0 (30) extracted by simply adding an external modulation frequency
to an oscillator and measuring the relative amplitudes of
and the sidebands. Since the multiple-scales technique employed

approximations in order to achieve the simple result shown in
B 2 (33), it is necessary to verify the accuracy of the approximate
= afcos(wyt) Dowo + (1 — vaip) Dyo]- (B1)  solution. The results from the direct numerical calculation of

As was discussed earlier (19), the lowest order solution 632) are compared with the analytical solution obtained by the
(30) is given by (21). Now, (31) is a formidable equation tgnethod of multiple scales. Fig. 7 shows the power spectrum
handle exactly, but this is not the idea behind perturbatiét & direct numerical solution in the frequency domain. For
theory. We need to expand (31) to a self-consistent first ordé@nvenience in calculation, a low frequency of operation is

Using the solution of (21) foro, we note that (31) reduces toemployed. The resonant frequeney, used in the simulation
is 1 Hz, and the external modulation frequengyis 0.1 Hz.

D2ay + Wiy = _\/gawo cos(w t) sin(wot) (32) What is important is not rgally_ these absolute vaI_ues, but their
g ratio. What we are assuming is that the modulation frequency

Dizy — a(l — yx3) Doz + wizy + 2yzow: Dowo
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1S be'_ng apP"Ed at 10@ of the oscillation frequency. A§ig. 9. (a) Experimental setup for a measurement of the VDP parameter. (b)
we will see, in the experiment we perturbed at a frequeneystructure of the active antenna in the front view and the side view.

which corresponds to a significantly smaller ratio to the

center frequency (roughly 0.1%) compared to the 10% in the 0 dBm - .
simulation, but we used comparable amplitudes in simulation fmmmimm TN
and experiment. To solve the simulation equationfer wq H .
requires a time proportional t,/w;. This is the reason for : .

the 10% instead of 0.1%. The important thing to compare T v ;
between simulation and experiment will be the number of ) R S : '

sidebands for a given amplitude of perturbation, as the distance -80 dBm
of the sidebands from the center of the line is seen to scale with
thewy for wy < wo. Whenw; — wo, other instabilities could @)
be observable. In the numerical calculation, (22) is converted
into a set of nonlinear first-order differential equations, and
these are then solved numerically in the time domain. The
power spectrum of the solution is obtained by discrete fast N
Fourier transform. From Fig. 7, one should see that the center i I\ﬂ” i
frequency of the oscillation is close to the resonant frequency L v R
of the circuitwgy. As expected, many sidebands are generated
from the external modulation frequeney, and the frequency -80 dBm -
displacement of the sidebands from the center frequency is CENTER 3.5GHz SPAN 250.0 MHz
+nwy. Thus, there are nine sidebands in the frequency range (b)
of 1 Hz, as shown in the plot. Fig. 8 shows the power spectrufy. 10. Power spectra of a self-sustained active antenna at different ex-
of the approximate solution of (22) derived from the metho@rnal modulation frequencies. Center oscillation frequengy= 3.5 GHz.
of multiple scales. Comparing Fig. 8 with Fig. 7, reasonabf® «s = 7-5 MHz. (b) wy = 11.07 MHz.
agreement with the direct numerical calculation is observesf. the active antenna is detected by a horn antenna about
In particular, the magnitudes of the first and second sidebar8%cm away. This signal is fed to a spectrum analyzer. With
from the two calculations are in better agreement than tbaely dc-bias voltages used, the VDP parametecan be
higher order sidebands. The error in the higher order sidebamigsermined by using (21) with the measurement data of Fig. 6.
mainly originates from the neglect of the higher order terms When a modulated signal is added to the gate—source bias
the approximate solution. Results of Figs. 7 and 8 indicate thailtage of the transistor, the power spectrum of the oscillator
(33) provides an accurate approximate solution for practiaal shown in Fig. 10(a) and (b), where modulated frequencies
application. wy are 7.5 and 11.07 MHz, respectively. As the frequency
The experimental setup used to verify the theory is showry increases, the displacement of sidebands from the center
in Fig. 9. The transistor is biased with two independent powéequency increases, and the frequency offsets are exactly in
supplies: the drain—source terminal is connected to a dc powee form of wy + nw;. These phenomena are in agreement
supply, and the gate—source terminal is connected to a sigwiéth those predicted from our theory. By measuring the ratio
generator. As the transistor starts oscillation, the output powarthe magnitude of the first sideband to the fundamental, the

CENTER 3.5GHz SPAN 250.0 MHz

0 dBm I

11.07 MHz

i
H
H
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Fig. 11. Power spectrum of a self-sustained active antenna with external .
modulation frequency; = 0.91 MHz, which is less than the bandwidth of
the phase noise. | |

value of & can be calculated from (27) and (33).

It is important to note that when we solved (22), which is CENTER 2.540206Hz SPaN S0 ooMHz
in the form of RBW 100kH=z »*VBW 3O0kHZz SWP 5O0ms
(@)
d*x dz
v a1+ € cos(wyt))(1 — yz?) T wox AL oamm oo 10a8/
:Fn(t)+Fext(t)+ (34)
CEN[TER

where F,,(t) are noise terms and,(¢) can be an external |zZ55lhc2d cr4
injection-locking signal, etc., we considered the equation to
be source-free. That is, the terms in the right side of the
equation are set to zero. Therefore, the linewidth of the
spectrum calculated from the approximation solution is zero.
Theoretically, the VDP parametercan be determined from |
the experiment as long as the modulation frequengyis
larger than zero. However, practically speaking, the transisto
oscillator is not noise-free, and the spectrum of the oscillator
has a certain spectral width. It is well-known that GaAs
MESFET's have excess low-frequency noise at freqUENCIGSaw sookre  mvoq SokHz owe Some
below 10 kHz due to trapped electrons in the semi-insulating
substrate. These deeply trapped electrons cause dc current ®)
fluctuations in the source-drain channel and, hence, introdud@ 12. Power spectra of a self-sustained active antenna at different external
odulation frequencies constructed on Duroid. Center oscillation frequency
noise to the oscillator. The behavior of this type of noise WIW = 254 GHz. (@)ws = 3 MHz. (b)w; = 4 MHz.
decrease ag—3/2 above 10 kHz [26], [27]. Thisf—3/2-like :

noise is the fundamental noise in GaAs field-effect transistors.
If the noise source is considered in the VDP equation, tﬁ e accuracy of this measurement technique. Therefore, it is

phase of the oscillation of the transistor oscillator will have fecessary that the oscillator be a single-frequency oscillator.

time-dependent term, which we call the phase noise of the os-
cillator. The linewidth of the oscillator is directly proportional

to the bandwidth of the phase noise. Therefore, if the externaMe have shown that the operation of a transistor oscillator
modulation frequencyw; is less than the linewidth of the can be described by the VDP oscillator equation. We have
oscillator, the result of the external modulation in the bias lindemonstrated that the VDP parameters are directly related
will be only to broaden the linewidth of the VDP oscillator, ando the circuit parameters of an oscillator. By applying an
the multiple spectra cannot be resolved from the measuremerternal modulated signal to the bias voltage of a transistor
(shown in Fig. 11). It is recommended that the modulatiooscillator, a simple approach to determine the VDP parameters
frequency ofw; be larger than 1 MHz for this proposedfrom the experiment has been developed. Analysis of the
experiment. As another example, a radiating structure simikime dependence of the response of a modulated oscillator
to the one shown in Fig. 9(b) was fabricated on Duroid timdicates that the magnitude of the spectral sidebands, which
determine the accuracy of (33). The fundamental frequencytb response of the oscillator develops, are strongly dependent
operation was around 2.54 GHz, and external modulationsaf the VDP parameters. An analytical expression to determine
3 and 4 MHz were used, respectively. Fig. 12(a) and (b) shdwth of the VDP parameters from such an experiment are
the sideband structure when external modulation is addeilven. Results of the experiment agree with the theoretical
It was observed, however, that if an oscillator has multipleredictions, which further justifies the perturbation theory.
oscillations, then the beatnote of the external modulatidrhe procedure can be summarized as followStep 1 The

with the higher oscillation frequencies can interfere witpower spectrum of an oscillator under normal bias voltages is

V. SUMMARY
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measured. By measuring the amplitude of the oscillation, tie] L. J. Sevin, Jr.,Field-Effect Transistors. New York: McGraw-Hill,
parametety can be calculated from (21).Step 2 A sinusoidal 1965.

modulated sianal i dded t n f the bi volt f chZ] K. Y. Chen, P. D. Biernacki, S. Buchheit, and A. R. Mickelson, “Non-
odulated signal Is added to one o € Dbias voltages o € invasive experimental determination of charge and voltage distributions

oscillator. By measuring the amplitude of the main peak and on an active surface,/EEE Trans. Microwave Theory Techugl. 44,
first sideband, the damping parametecan be obtained with pp. 1000-1009, July 1996.

use of (33). Comparing the amplitude of the main oscillatiold! $(')rkc_h\;avri‘lg'y'v”l‘ggl’l"a"e Solid-State Circuits and ApplicationsNew

frequency in Step 2 with the one in Step 1, the effeghs) A H. Nayfeh and D. T. MookNonlinear Oscillations. New York:
of the modulation depth can be calibrated. Notice that this wiley, 1979.

hni is onlv valid for an illator with inal illatiori2d] N. Minorsky, Nonlinear Oscillations. New York: Wiley, 1950.
technique is only va dfo a. osclilato th a single osclllatio 26] J. Day, M. Trudeau, P. Maclister, and C. M. Hurd, “Instability and gate
frequency. The VDP oscillator model has advantages for” gjiage in GaAs metal-semiconductor field-effect transistoggh. J.

predicting the dynamic behavior of an oscillator under the Phys.vol. 67, pp. 238-241, Apr. 1989.
. . resistance via the enhanced capture of transferred electrons in n-type
coupled osg|llator arrays. If one needs to use the.VDP equatlon GaAs,”J. Phys. C, Solid State Physol. 5, pp. 187-198, Jan. 1972.
for a transistor oscillator, the presented technique provides
an alternative and effective means to determine the VDP
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