F E A T UMR E

COMPUTER SIMULATION
MODELS PERFORMANCE
OF RF CONVERTERS

Self-oscillating mixers can be accurately designed
using time-domain analysis and SPICE.

ARGE-signal analy-
|~ is crucial for accurately modeling
- __i-oscillating mixers or frequency
converters, However, time-domain
simulation programs such as SPICE
require detailed models and careful
control of tolerance limits. Fortu-
nately, large-signal transistor mod-
els are readily available, and valu-
able results can be obtained if the

simulation program is understood.

When designing a self-oscillating
microwave mixer, the first step is to
consider the circuit as an oscillator,
In a basie two-port feedback oseilla-
tor, a bipolar MMIC amplifier can
provide gain, and a dielectric resona-
tor in the feedback loop can deter-
mine the frequency of osecillation.
The amplifier and the feedback ele-
ment have frequency-dependent
transfer functions A{f) and Bif), re-
spectively. For the circuit to oseil-
late, the Barkhausen criterion (AB
= 120°) must be satisfied,

2 KIPNIS and AMARPAL 5. KHANMNA,
Senior Members of Technical Staff,
Avantek Inc., 3175 Bowers Ave., San-
ta Clara, CA 95054; (408) 727-0700

G kil

Input
1.6 ki

1. The MMIC amplifier used in a self-operaling
mixer operaling with a 5.15-GHz LO utilizes twa
bipolar transistors connected as a Daringlon peair.

Because the basic mode of opera-
tion for a bipolar transistor is that of
a current amplifier, the deviee is
readily analyzed in terms of current
factors. Additionally, the dielectric

resonator is magnetically eoupled to
transmission lines, and there 15 a
close relationship between magnetic
fields and currents in microstrip
lines. Therefore, the oscillator is
easily described in terms of current
transter functions.

When an RF signal is applied to
the input of the zelf-osecillating mix-
er (the base terminal of the input
transistor), the signal mixes with
the local oscillator (LO) and pro-
duces sum and difference produets.
In most instances, the RF signal’s
power level is much less than that of
the LO signal, and the dynamic
range of the signalz involved is 60
dE or more. For intermodulation
analysis, dynamic range is even
greater.

The equivalent cireuit of a typical
MMIC amplifier used in a self-oseil-

feontinued on p. 184}

2. Because the MMIC s
small and can operate
from a single bias
voltage, it can be

mounted in a standard
T0-mill stripline package.
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3. Tronsistors are modeled with an infrinsic
fransistor (@) to simulale action under the

emifter, Resi and diodes simulate the
extrinsic base and confact resistances.
=
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(continued from p. 183}
lating mixer conzists of a silicon bi-
polar Darlington pair with bias re-
sistors (Fig. 1). As a gain block, the
Darlington pair has several advan-
tages over a single device at micro-
wave frequencies. It has current
gain at higher frequencies, which
results in an extension of the maxi-
mum frequency of oscillation. If
properly gized and biased, Darling-
ton pairs have a lower reflection co-
efficient than a single device, easing
impedance matching and allowing
operation over a broader range of
frequencies.
| The MMIC amplifier employed in
| a self-oscillating mixer operating
with a 5.15-GHz LO frequency was
fabricated using a self-aligning ni-
tride process. The process produces
bipolar devices with 10-GHz transi-
tion frequency (f) and 20-GHz maxi-
mum frequency of oscillation (£,
Ion implantation forms interdigitat-
ed transistors with 0.75-um emitter
width, 4-um emitter-to-emitter
pitch, and 2-pm local oxide isolation.

Thin-film polysilicon rezistors and
gold metallization form the bias eir-
cuit and interconnections, The small
die size (0.30 x 0.35 mm) and the
need for only one bias supply render
the MMIC compatible with most mi-

Dielectric resonator ~ Oufpul

Wyt Amplifier

4. A common configuration for dieleciric-resonator
osclllalors magnefically couples the resonaior fo
input and oulput transmission lines.

&, The complete oscillator cireult uses two ideal
transtormers fo model mmﬂc coupling between
the resonator and microstrip lines. The resonalor is
simulated by an RLC tank circuit.

crowave transistor packages, in-
cluding the 70-mil stripline package
that was used (Fig. 2).

The large-signal model for each
transistor includes an intrinsic tran-
sistor that simulates action under
the emitter (Fig. 3). Additionally, a
resistor-diode ladder network mod-
els the distributed characteristics of
the extrinsic base (Tables 1-2). Con-
tact resistances are also included in
the model. The intrinsie transistor
uses the extended, unified Gummel-
Poon model in SPICE.

Parameters for the intrinsic tran-
sistor model were deduced by
matching measured and simulated
S-parameters for single transistors
under various bias conditions (Table
3). Speecial attention was given to
high-frequency parameters such as
those that modify the forward tran-
sit time with DC bias. Care was also
given to modeling the parasitie ef-
fects of resistors, metal lines, and
bond wires,

To avoid negative feedback a
maximize the MMIC's nonlinea:
characteristics, resistances were
made relatively high. At the 515
GHz LO frequency, the MMIC ex-
hibits a current gain of 2 with 30-
deg. phase shift.

FEEDBACK NETWORK

When used as the frequency-de-
termining element in a feedback os-
cillator, a dielectric resonator is of-
ten placed between two microstrip
lines!? (Fig. 4). These lines are con-
nected to the input and output of the
active device, and the resonator cou-
ples power between the lines. The
model used to analyze the resonator
utilizes ideal transformers to simu-
late magnetie coupling between the
resonator and the lines.” A resistor-
inductor-capacitor (RLC) circuit
models resonant behavior (Fig 5).

The turns ratio of transformers
used in the model is determined by
the distance between the rezonator
and the microstrip line. The resona-
tor may be placed closer to one
the lines, resulting in differe
turns ratios for the two transform-
ers. Elements in the tank cireuit de-

{continued on p. 186/
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feontinued from p. 184)
pend on the rezonant frequeney and
Q of the resonator. At resonance,
the magnitude of the feedback net-
work’s transfer function is given by:

| i'z.-"ri]_ | = {i'lz.u"r'['.l'l} X

(1+ nflZz|/R)? (1)

where:

i, = output current,

i, = input current,

n, = output turns ratio,

ny = input turns ratio,

Z, = impedance at port 2, and

R = RLC tank resiztance.

To zatisfy the Barkhauszen eriteri-
on, the magnitude of i,/i, must
equal the active device's current
gain. Assuming port 1 of the feed-
back network is terminated with the
system's characteristic impedanece,
the transfer function given by Eq. 1
is related to the network's S-param-
eters:

|12.-"ri] | = 2 ZD!SHHSE”_l
» [Engz]iE + |Zg|12|8111
— 2|85 |12 — ,|321|E}]_!
where:

Z, = system characteristic imped-
ance.

The S-parameters in Eq. 2 can be
related to the coupling coefficients,
B, and 8.

Su=g1+a+8)" (3)
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812 = 8o = (2 By Ba)'®

X (1 + By + ) (4)
820 = [82 — (1 + 81)]
X (1 + g1+ )1 (5)

The eoupling coefficients are de-
termined by resonator losses and
turns ratios:

f1 =R/2n7 % (6)

B2 = R/nd Z, (7)

Typically, the feedback network's
S-parameters are measured using a
vector network analyzer, and Eq. 2
is used to determine the network's
transfer function in terms of cur-
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7. Varying the loaded &
from 15 to 75 has litte
effect on the oscillation's

Output vollage—y

rents. Turns ratios and the resona-
tor loss factor can also be derived.
These factors may be used as guides
for determining the resonator’s po-
sition.

RESONATOR ANALYSIS

A second-order RLC circuit with a
loaded @ greater than 0.5 (under-
damped) will exhibit an exponential-
ly decaying transient response.! The
response has a time constant equal
to 2Q/w,, where @, is the resonant
frequeney in rad/s. For example, a
resonator with Q = 350 at 5.0 GHz
has a time constant of 22 ns. The
transient response falls to adequs*
ly low levels (less than 5-percent
ror) in about three time constants or
67 ns. The 3-dB bandwidth of the
resonator, however, is only 14 MHz.
The 3-dB points are at 4993 and
5.007 GHz, which correspond to time
periods of only 200.28 and 199.72 ps,
respectively.

At this point, the tolerance limits
in the simulator program must be
carefully adjusted to ensure accura-
cy.” One of the most important pa-
rameters of the time-domain analy-
gis is the internal time step, which is
the inverse of the sampling rate.
When evaluating a signal with a pe-
riod that is between 199.72 and
200.28 ps, the simulation program
can lose accuracy if the time step is
not small enough.

Although the version of SPICE
that was used to evaluate dieleetric
resonators in self-oscillating mixers
has a continuously variable time
step to maintain accuracy, the pro-
gram was not accurate enough to
keep the signal within the frequeney
limits required by a 5GHz resona’
with @ = 350. It was necessary
use a very short time step in the
analysis, regardless of any adjust-

fcontinued on p. 188)
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{continued from p. 186}
ments that were made to other toler-
ance limits. The internal time step
necessary for sufficient accuracy
was determined empirieally. As not-
ed, for a 5GHz, second-order RLC
resonator with @ = 350, the maxi-
mum internal time step is about 2 ps.

Such a resonator, however, re-
quires about 67 ns for the transient

signal to decay. Using 2-ps time
steps, 33,500 samples are required
to caleulate the transient response
alone. A plot of the maximum inter-
nal time step and the corresponding
number of steps needed to reach the
steady state indicates that high-Q
cireuits require very large numbers
of caleulations (Fig. 6).

Although the self-oscillating mix-
er is a relatively simple circuit, it re-
quires about 60 nodes. The time re-

quired to analyze the eircuit using a
rezonator with ) = 350 becomes un-
acceptably long. To reduce the reso-
nator’s transient time and allow a
larger internal time step, the reso-
nator's ) was artificially reduced to
15. The maximum time step to
achieve sufficient accuracy wa-
thus increased to 9 ps. Analyzi
the modified cireunit over a 50-ns
time span required 25 min. using a
computer with a 20-MHz clock.
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8 Uﬂngum Hanning truncation function decreases leakage ferms by about 50 dB. With a rectangular
frunca

n, signals could be buried In leakage ferms.

Intrinsic transistor (&)
BF 90
15 1.5E - 18 Afpm?
WA, 20V
Ik 0.13 may/pm?
XTB 1.8
ISE 5.0 - 15 Afpm?
NE 2.5
TF 12 ps
PTF 40 deg.
HTF 4
ITF 0.3 ma/pm?
\TF 60V
CJE 2.4 fFfum?
PE 102V
ME 0.6
Base-collector diodes
2l 0.24 tF/
vl 076V
M 053
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9. With o 5.0-GHz LO frequency and a 4.0-GHz RF signal applied, a Fourer ransform of the simulated
mixer's output reveals IF, imoge, and intermodulation products.

The main objective of analyzing
the self-oscillating mixer was to de-
termine its conversion gain. Lower-
ing the resonator’s @ to 15 did not
signifieantly affect this parameter.
Simulated conversion gain typically
changed by less than 0.15 dB when

»resonator’s loaded @ was varied

om 15 to 76, Before analyzing the
entire mixer, however, a time-do-
main analysiz should be performed
on the resonator to guarantee that
tolerance limits and the internal
time step used in the analysis pro-
vide sufficient accuracy. Additional-
ly, transients should decay to ac-
ceptable levels.

OSCILLATOR ANALYSIS

After the active device and feed-
back network have been analyzed,

| an oscillator can be designed. In the

complete equivalent circuit for the
self-oscillating mixer (Fig. 5), the
resonator’s transfer function and
the lengths of the transmission lines
are adjusted to satisfy amplitude
and phase requirements of the
Barkhausen ecriterion. After these
adjustments are made, a second
large-signal simulation of the open-
loop ecircuit should be performed to
make sure that the mixer can be an-
alyzed accurately using previously
determined tolerance limits.

The transmission-line model in
SPICE exhibits some problems
when used in a long time-domain
analysis at high frequencies. There-
fore, after obtaining the required
lengths of line from a small-signal

fcontinued on p. 191)
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fcontinued from p. 189)
simulation, the lines were substituted with lossless in-
ductor-capacitor (LC) ladder networks. These networks
include many of the 60 nodes used in the analysis.

After the oscillator loop was closed, a short transient
stimulus was applied to trigger the oscillation. The stim-
ulus performs the same role as random noise in the
actual circuit. Using Qs of 15, 30, and 75, the buildup
times for the os-

the frequency domain between the signal and a Sinc(f)
function that has zeros at multiples of 1/Tp. The Sine(f)
funetion is the Fourier transform of a rectangular pulse
in the time domain.

To reduce leakage, a truncation function can be used.
The truncation function and the signal are multiplied in
the time domain before performing the Fourier trans-
formation. If the frunecation function has smaller fre-
quency-domain sidelobes than those of a rectangular
pulze, less leakage iz generated. A particularly good

truncation fune-

cillation were ap-

proximately 10,
20, and 50 ns, re-
spectively (Fig. 7).
Buildup time is di-
rectly proportion-
al to the cirenit’s
loaded @ and, for
this example, is
about ten times
the time constant
of the RLC reso- |
nator. Power de-
livered to the 50-0
load -is approxi-
=~ately +7 dBm
+ all three wal-
ues of Q.
Transient anal-
ysis can also be
used to determine
the mechanism
that limits the os-
cillation's ampli-
tude. An analysis
of transistor cur-
rent waveforms
indicated that the
input transistor,
1, begins to turn
off as amplitude
increases, while
Q2 maintains a

Your
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tion is the Han-
ning function,
hit), which is also
known as the
raised cosine
funection:

hit) = 0.5 + 05

aAs MMIC Solution

¥ cos (2rt/Trr)

where;

t = time.

Although the
Hanning funetion
reduces leakage
by about 50 dB
(Fig. 8), the trun-
cation interval
must be twice as
long as that used
with the rectan-
gular pulse to
achieve the same
frequency resolu-

tion. When de-
signing an oscilla-
tor, leakage

terms may have
no consequence.
However, he-
cause of the large
dynamic range in-

SEE PAGE 197
FAX: 617 2731911

volved, RF and IF

linear response.
From this data and the devices’ small-signal current
gains, it can be deduced that Q1 is the nonlinear device
that limits amplitude, and Q2 acts as a linear current
amplifier.

Before analyzing the self-oscillating mixer's conver-
sion gain, a diserete Fourier transform is performed on
the oseillation to determine the best truneation interval,
Trg (i.e., the time span of the analysis) and to implement
a suitable trunecation funetion. If the trunecation interval

" not an integer multiple of the signal, the resulting fre-

ency spectrum exhibits sidelobes.® These sidelobes
represent leakage or undesired frequency components
not generated by the circuit.

Leakage is equivalent to performing a convolution in

signals in a self-
oscillating mixer could get buried in leakage terms.
Thus, leakage terms must be minimized in an analysis
of such cireuits.

MIXER PERFORMANCE
With a 4,0-GHz signal applied to the input of the self-
oscillating mixer, the output’s frequency spectrum was
simulated (Fig. 9). Because the mixer is not a balanced
network, there is no isolation between ports. For the
TVRO band (3.7 to 4.2 GHz), the analysis predicts ap-
proximately 9 £ 1.5-dB conversion gain. A Fourier anal-
ysis of the currents in transistors Q1 and Q2 indicated
that Q1 mixes the RF and LO signals. This could be ex-
fconcluded on p. 182)
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An important advantage to using 4 u
the Darlington pair is that the bias 36 kR 40 42
of each device can be set indepen- Frequency—GHz

dently, providing separate control
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of oscillation amplitude and conver-
gion gain. These controls are useful
for adjusting the mixer's noise and
distortion characteristics.

A prototype self-oseillating mixer
was fabricated on a 31-mil-thick ep-
oxy-glass board (e, = 4.8). The
MMIC was placed in a T0-mil micro-
strip package and was mounted to
the board (Fig. 10). Plated through-
holes were placed directly under the
MMIC to ensure effective ground-
ing."®

Using a 5.15-GHz dielectric reso-
nator with e, = 37 and an unloaded Q
of about T000, a TVRO downcon-
verter was realized. With the MMIC
biased with 8.0 V at 356 mA, t©
downconverter provides 9 + 1-do
conversion gain (Fig. 11). The output
compression point was also mea-
sured and iz within 0.5 dB of the +7-
dBm value predicted by the analy-
gis. Although detailed modeling and
careful eontrol of the simulation
program were necessary to obtain
useful results, time-domain analysis
can be a powerful tool in the design
of many nonlinear microwave eir-

cults. se
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