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Transient Analysis of Microwave Active Circuits
Based on Time-Domain Characteristic Models

Qing-Xin Chu, Yuen-Pat Lau, and Fung-Yuel ChafgJlow, IEEE

Abstract—A modular method is presented to speed up tran- step by the Courant’s stability criterion. It will take too much
sient simulation of microwave active circuits which consist of time when simulating the responses by a lengthy excitation.

linear components and active devices that are often nonlinear. Large microwave active circuits are built from many mi-
Firstly, the linear components and active devices are individually

characterized by time-domain characteristic models (TDCM's) Crowave components and lumped elements. One way to simu-
and lumped equivalent circuits, respectively, to reduce the com- late a large circuit is to divide it into several small modules and
puter memory. Then, based on deconvolution, the TDCM'’s of then simulate them individually. The time-domain diakoptics
lell?lzarcLfrcr?nrt)gngfnt:teap)revcsalgtgjhees;iﬂazg21 wﬁic:tr?rggalsi\éolljtgtgeeds method has been developed accordingly in the transmission-
by the finite-difference time-domain (FD’TD) method. Finally, line matrix ,(TLM) [,9]’ [10] and the FDTD method [11], [12].
transient analysis of a one-dimensional (1-D) discrete-time system All mutual.lnte_ractlons among modqles are handled through
is applied to obtain the terminal responses of the microwave a convolution interface. However, this approach may become

active circuits, in which a larger sampled step is chosen to reduce quite cumbersome in the modeling of large complicated three-
the simulation time. This method is employed to two realistic dimensional (3-D) circuits

circuits to validate its efficiency and accuracy. The results are in = . o h . di
good agreement with the time-consuming direct FDTD simulation or most microwave circuits, what we are interested in are

of entire circuits. terminal voltages and currents at some ports, rather than dis-
Index Terms—FDTD method, microwave circuits, time-domain tribution of ele.ctromagneFic fields .in cirquits. In other Wprds,
characteristic model, transient analysis. we are only interested in one-dimensional (1-D) variables
at circuit ports, not 3-D variables showing field distribution
in circuits. Based on this assumption, we present a modular
computational method for transient simulation of terminal volt-
OST microwave active circuits are embedded with deges and currents of microwave active circuits in this paper.
vices that are active and nonlinear. Since it is awkwaid this method, a microwave active circuit is divided into
to characterize the devices in frequency domain, time-domdimear components and nonlinear devices. Since the nonlinear
analysis is well-suited for analyzing such system characterievices in the microwave circuits are typically very small
tics. The finite-difference time-domain (FDTD) method is thin size compared to a wavelength, they can be modeled by
most suitable for this purpose because of its simple, robugieir lumped equivalent circuits with a very high degree of
and flexible algorithm for numerical solution of Maxwell'saccuracy. The linear components are usually characterized
equations [1]. Recently, the FDTD has been applied to analyg@th scattering parameters, which relate the incident and re-
many microwave circuits such as oscillator [2], active antenfigcted waves at ports. However, for the FDTD computation of
(3], [4], amplifier [5]—{7], and mixer [8]. In these applications,scattering parameters, the incident waves have to be calculated
lumped elements are treated as subgrid models on an FDjRRxdvance on transmission lines or waveguides, which are the
grid [2], [3], [8] or SPICE lumped circuits [4], [6], [7] are same as those that made up the ports of the network. For some
used to allow direct access to all SPICE models (via SPIGsmponents of microwave active circuits, which do not have
itself) for simulation of lumped circuits in FDTD calculations.ports with transmission lines or waveguides, it is difficult to
However, computational requirements of FDTD are excessi¥giculate the incident waves. Besides, except the excitation
due to the spacial-temporal discretization, especially for larggyt all ports have to be terminated by matched loads when
circuits. Special care must be taken to avoid unstable oscil flculating the reflected waves. It means that nonreflected
tions and numerical instability when simulating nonlinear ang ,ncated boundaries should be imposed on the posts. Though
active compone_nts, which causes incpnvenie_nce and incrga\%us absorbing boundary conditions (ABC’s) have been
computational time for FDTD analysis of microwave activeyesented in the past, they cannot absorb all reflected waves.
circuits. For circuits including many discontinuities, réSpONS&g,erefore, ABC's are often set a distance away from ports

with long time length must be calculated to obtain stable, inimize unwanted effects. These treatments are complex
solutions. Besides, the spacial step of an FDTD mesh shouldap1ed thus, increase computational time

small for a highly accurate solution, which leads to a short time 1 " ore suitable equivalent circuit for the linear components
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relaxation iteration [14]-[16], where a linear component is il i2
driven by a step pulse voltage source at one port and loaded —=> =
by resistors at other ports, which not only relaxes the restraint Vi Two-port
on loads at ports, but also includes the interaction between Network Va2
the component and loads. This procedure is briefly reviewed
in Section Il. Based on the models of linear components
and nonlinear devices in hand, the terminal responses of the (a)
microwave active circuit are obtained by means of transient T w2 o,
analysis of discrete-time systems. Besides the division of +@_\ ’—®+
circuits to reduce the computer memory, another approach to
i TN . Vi 701 702 V2
reduce the computational time in this method is to enlarge the
sampled step in simulation because there is no limitation of | |
stability criterion as in FDTD simulation. ) (b)
Two realistic examples are demonstrated in Section Il to 1 Wi W2 i,
validate the method and illustrate the features. Good agree-
ments are found when the simulated results are compared with Is I
. . . T : Vil 701 702 V2l
direct FDTD simulations. Large reduction in computational  e(t)
time is observed. Finally, conclusions are drawn in Section IV. | !
Cowr o (O
II. TIME-DOMAIN CHARACTERISTIC 112 122
MODEL OF A LINEAR NETWORK r1
A linear component in the microwave active circuit can Ts lvu 701 702 szl/
be considered as an N-port linear network. For the sake of | | e(t)
conciseness, we shall focus the following discussion on the
one- and two-port network. For a one-port network, the input (d)
impedanceZ;,(w) is usually used as characteristic variable igig. 1. (a) Linear two-port network. (b) TDCM. (c) Port 1 is derived by a
the frequency domain, which is defined as voltage source and port 2 is terminated by a resistor. (d) Port 1 is terminated
by a resistor and port 2 is drived by a voltage source.
Zufw) = V) @
(W) = . . .
I(w) The TDCM of a two-port network [see Fig. 1(a)] is shown in

whereV(w), I(w) represent the terminal voltage and currerﬁ)‘g' 1(b), which is described by the time-domain characteristic

in the frequency domain at the port, respectively. Transforméd mulation

into the time domain, (1) becomles v1(t) = 201 (t) % i1(t) + w1 (t) (6)
Ly = W)} va(t) = z02(t) * Ga(t) + wa(t) ()
== i) ? " here

where z,(t), the inverse Fourier transform af;,(w), is _ .
known as the transient input impedance, aphd-}/{---} wi(?) —hl(t)*(w(t)+202(t)*f2(t)) 8
denotes the deconvolution operator. For discrete-time systems, wa2(t) = ha(t) * (vi(t) + 201(t) * i1(¢)) )

convolution operator is replaced by convolution summation as . . .
P P y ?vl,zl}, {v2,i2} denote the terminal voltages and currents at

. ~ . . ports 1 and 2, respectivelyzo1, h1}, {z02, 2} are known as
v[n] = zi(t) % i(t) = D znln — k+ Uilk] + za[li1] (3) the transient characteristic impedances and transfer functions

k=2 of ports 1 and 2, respectively.
wherev[n] = v(nAt), i[n] = i(nAt), n = 1,2,---, (At is In order to apply the waveform relaxation algorithm, assume
the time step), and that a voltage source, giving step pulse excitatigt), and
nAt with an internal resistor; is imposed at port 1, and a resistor
Zin[1] =/ Zin(t) dt (4) . terminates port 2, as shown in Fig. 1(c). The terminal
(n—L)at voltages at ports 1 and 2 atg; (t), v1(t), respectively. The

which is known as the discrete transient input impedanderminal currents at ports 1 and 2 are
From (3), the deconvolution in the discrete-time system is ot) — o1 ()
— V11

formulated as t11(t) = . (10)
vfn] = 3 zinn — &+ 1Ji[A] i (1) = 222 (11)
. _ {v[n]} _ k=2 Te
Zin[n] = - = - ) . . . . . .
{in]} i[1] In the opposite direction [as shown in Fig. 1(d)], similar

1Frequency- and time-domain functions are assigned by upper and Im&@ﬁuus can be Ol_)tained' The_refolre’ u§ing the .Gauss—SeideI
case letters, respectively, such{ds$(w), I(w)} and{v(t), i(t)}. iteration, we obtain the following iteration equations for the
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Fig. 3. Discrete transient impedance of microstrip antenna.

(b)
The microstrip antenna is equivalent to a transient input
Fig. 2. (a) Layout of an active antenna. (b) Time-domain equivalent Clrcu“‘npedanC@(t) across the Gunn diode. In order to obtain the
] o ) transient impedance, the Gunn diode is replaced by a resistive
transient characteristic impedances and transfer functions: yojtage source giving step pulse excitation. The terminal

) _ v~ R iy ) 12 voltagev(t) and current(t) are then calculated by the FDTD
Zo1” = e — vig Ts (12) method. The process is called the FDTD characterization.
(k—1) ] The FDTD mesh space i8Az x 138Ay x 16Az, where
i) = 22 +Z(;€2 *va/Te (13) Az = 0.5 mm, Ay = 0.5 mm, andAz = 0.26 mm. The
v11 +zél)(e—v11)/w waveforms are then substituted into (5). Fig. 3 shows the
A ORP discrete transient impedanep:]. Sincez[n| attenuates to zero
SR V22 7 gy k12 ; e . . .
2o =TTt (14) rapidly, it is enough to calculate 1500 time steps, with a time
(2,3) step At = 0.4 ps. z[n] is set to zero fom > 1500.
Rl _ Y12 + 291 * v12/70 (15) According to the equivalent circuit shown in Fig. 2(b), the
V22 + zég)(e — wa9) /75 voltage v, and current; satisfy
and dv
) o C—= + F(v,) =—i 19
Vol = Vsl — Zég D * 1121/7’5 (16) dt + (U ) ¢ ( )
- : . Vst
V1 = V12 — Zéli) * 1112/7’5 (17) 1= R d. (20)
where k is iteration count.hgo) = 763) = 0 is required for . . . . :
. . Discretizing the above equations by time-average difference,
the zeroth iteration. For symmetric networks; = 292 = 2o, we have
h1 = hs = h, thus, only (12) and (13) are needed.
c 1.
— +F s[n+1
Ill. NUMERICAL RESULTS {At 2 (v [n])}v [ +1]
i i C 1 1
_Two examples—an active antenna and a mixer—are con- {_ = F (o, n])}vs[n] — F(v,[n]) —i[n + _}
sidered to check the efficiency and accuracy of this method. A 2 2
FDTD analysis of the two circuits have been proved in [3] (22)
and [8].
and
A. Active Antenna )
. : . . in+ 5| =55 4 Us[n+ 4 vs[n] +valn + 1] 4 valn]
The active antenna consists of a microstrip antenna and 2 2R
Gunn diode. Its layout and time-domain equivalent circuit are (22)

shown in Fig. 2. The active current source of the equivalent L )
circuit for the Gunn diode is given by the polynomial where £'(v,) denotes the derivative df(v,) in terms ofv,.
Since the FDTD simulation of voltage and current is set off

F(v,) = —Gyv, + G (18) a half time step
where coefficient?; = 0.0252 Q7 1, G5 = 0.0265 Q1 V2, n 1
capacitance” = 0.2 pF, and series resistanée= 1.0 2, as vg[n] = — Zz[n —k+1)i {k — 5} (23)

given in [3]. =1
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Fig. 4. Comparison of voltage across Gunn diode calculated based dire¢tlg. 6. Comparison of frequency spectrum of voltage across Gunn diode

on the time-domain model and FDTD method. calculated based directly on the time-domain model and FDTD method.
‘ i TABLE |

COMPUTATIONAL TIME OF THE ACTIVE ANTENNA
Direct FDTD simulation: 10198 seconds
Simulation based on TDCM

FDTD characterization: 2714 seconds
* Circuit simulation: 6 seconds
Saved time: 7478 seconds

* Transient function extraction has been included

voltages (V)

Open Stb

Schottky Diode

Uniform Microstrip T-junction Microstrip

€r=97

: ‘ ‘ ‘ ‘ 1 ‘ : Fig. 7. Layout of an unbalanced mixer.
5400 5450 5500 5550 5600 5650 5700 5750 5800
time steps

i i y — _ —20
Fig. 5. Comparison of steady-state voltage across a Gunn diode callcula\{\é%r_1 the assumption that[(l/2)] =0, v, [1] = 10 v

based directly on the time-domain model and FDTD method. (noise). The voltage across the Gunn diagés given by
. 1 ) 1
From (21) to (23), therefore, the difference equationsufor v {n + 5} + {n - 5}
and: are obtained as vg[n] = vs[n] + R 5 (29)
Fig. 4 shows the calculataeg, based on the above equations
vs[n + 1] = arvs[n] — a2F'(vs[n]) + azv:[n] (24)  (dashed line). The direct FDTD simulation is also carried out
i {n + 1} = ! (vs[n+ 1]+ vs[n]) — vo[n]  (25) for comparison, which is also depicted in Fig. 4 as a solid line.
2] 2R+ 2[1] It can be seen that both have good agreements, except some
difference in transient state. Figs. 5 and 6 show both compar-
where ison of steady-state; and their frequency spectra, which are
obtained by a discrete Fourier transform. Computational time
¢ 1 . 1 based on the TDCM is about 4/15 compared with that of direct
~ts F(vs[n]) - 2R 1 2[1] 26) FDTD simulation, as shown in Table I.
a; =
c . 1
- F(uv, - - .
At + 2 (v [ ]) + 2R + 2[1] B. Mixer
a 1 27) The drawing of an unbalanced mixer is shown in Fig. 7,
2 < n 1 F(v n]) + 1 in which a Schottky diode is connected between a uniform
At 2 ? 2R+ z[1] microstrip and a filtering microstrip stub in series. Two series-
"= k42 42— k1] 1 connected voltage sources are imposed at. the input por.t, while
v[n] = Z [ 2R]+ 7[[1] ]'L {k - 5} (28) the output port is terminated by a load resistor. In our simula-

k=1 tion, the mixer system is divided into five modules, namely
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Fig. 8. Characteristic model of the mixer system.
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two series-connected voltage sources, a uniform microstrip 3s
line, a Schottky diode, a T-junction with an open microstrip
stub, and a load resistor. The voltage sources, diode, and”™
load resistor are characterized by their lumped equivalent |
circuits, while the microstrip line and T-junction (both are
symmetric) are characterized by the TDCM'’s. Fig. 8 shows 2°f
the equivalent circuit of the mixer system. In order to extracﬁ
the transient characteristic impedances and transfer funcuoés
of the uniform line and T-junction, a step excitation voltageg 10F
source with 50R internal resistor and a 50-load resistor ~
terminate the ports. The FDTD method is adopted to simulate °|
the terminal voltages and currents. The FDTD mesh space is |
26Az x 36Ay x 10Az for characterization of the uniform

microstrip, while166Az x 56Ay x 10Az for the T-junction, -5r ]
where Az = 0.1 mm, Ay = 0.1 mm, and Az = 0.2 o ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
mm. The time stepAt = 0.2 ps. 2000At is simulated 0 5 10 15 20 25 30 8 40 45

. . . . . Time step {a step=10 ps)
for the uniform microstrip, and8000A¢ for the T-junction

microstrip, so that the terminal voltages and currents reach the (@)

50

steady-state values. Then, the steady-state voltage and currernit
values are expanded to make the entire waveforms havingw»

80000A¢, which is two cycle periods of output voltage of f
the mixer. These waveforms are then subsampled and eachs \

has 800 data points. Using waveform relaxation synthesis for
symmetric circuits, we obtain the transient functions from °°f
the terminal responses. The discrete transient characteristic,,;
impedancez,[n] of the uniform microstrip line is shown in % 1\
Fig. 9(a), together with the discrete transient transfer function o3r \
l
|

he[n], shown in Fig. 9(b). Fig. 10 shows the discrete transient ool Jj

characteristic impedancg [n] and transfer functiorh,[n] of
the T-junction microstrip. o1 [} 8
Based on the equivalent circuit shown in Fig. 8, we derive |
four network equations, in the frequency domain or W\Mﬁ\’
Vin(w) =H, (w)(V,,(w) - Z,,,(w)]d(w)) + Z”'(w)li“(w) 0 5 10 15 20 2 30 3 20 pr 50
(30) Time step (a step=10 ps)
V(@) = Ho(@)(Vin(@) + Za(@)Ein(w)) = Za()Lalw) ®
(31) Fig. 9. Transient functions of the uniform microstrip.
Vi(w) = Hy(w) (Vo (W) — Zp(w) lous (W) + Zp(w)Ia(w)  WhereR, = B, = 50 €2, and the voltage across the diode
(32) Va(w) = Va(w) — Vo(w). (36)
Vour(w) = Hy(w) (Vo (w) + Zp(w)Tg(w)) — Zp(w) oy (w) Eliminating all waveform variables except input voltage

(33) Vin(w), output voltageV,,:(w), diode voltageV,(w), and

and two terminal conditions
Vs(w) - Vin(w)
Iin(w) = T (34) Ud(t) — 7’d(t) * id(t) = bd(t) * Us(t)
w) = Vout(w) Uin(t) =0s(t) 5 vs() — 7in(t) * ia(t)
Toulw) = =5, (39) Do (£) = Toue(£) it

time domain, we have

diode current/y(w), and then transforming the equations into

(37)
(38)
(39)
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Fig. 10. Transient functions of the T-junction microstrip.

wherery(t), rin(t), rout(t), ba(t), andb,(¢) are constructed
by the transient functions and delta functiéft). Circuit

simulation is carried out by use of convolution summatio
on the discrete time version of (37)—(39). The source voltag?a

and thel-V relation of the diode are given as [8]
vs(t) = sin(2x f1t) + sin(27 fot)

iu(®) =1, |:exp <q2‘1¥)> - 1} + Clua())

dvd(t)
dt

where f1 = 2 GHz, f» = 2.25 GHz, I, = 248 x 1078 A,

Fig. 12. Comparison of simulated diode voltages.

diode voltage from (37) and (42), since (37) is a nonlinear
equation.

As described above, the time step is usually very small
A FDTD simulation, since it is limited by the Courant’s
bility criterion. However, the criterion is unnecessary in the
simulation based on TDCM'’s. Therefore, a large sampled step

(40) can be chosen, provided that each sampled waveform varies
slowly. In other words, if the general shape of each sampled
(41)  waveform is still maintained, the sampled step can be used.

The sampled waveforms are used to calculate the sampled
transient functions. These sampled transient functions are used

kT'/q = 25.9 mV, and the junction capacitance of the diodg, find the terminal voltages. As sampled data points are used

is modeled by
Clug(t)) = C(0) <1 - %@) _m, va(t) < Fo®y
= @ <F3 +

mug(t)

®o

t) > F.®
£ )tz

whereC(0) = 0.4 pF, o =075V, F. =1, F, = F53 = 0.5,

for calculation, the simulation time is highly reduced. In this
example, input, diode, and output voltages are simulated, each
with 800 data points, as shown in Figs. 11-13 (dashed lines).
Since the sampled step 19A¢, it means that the simulated
(42) period has 8000 ps.
Direct FDTD simulation for the mixer system is also carried
out to validate the accuracy of the simulation based on the

andm = 0.5. Newton’s method is employed to solve for thefDCM, in which the FDTD mesh space 1$6Ax x 73Ay x
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realistic circuits has demonstrated the efficiency and accuracy
of this method. We believe that this method may also become
one candidate for the implementation of parallel computation
in time-domain simulations. While a direct FDTD implemen-
tation including active devices will take into consideration all
electromagnetic phenomena in the circuit (including mutual
coupling, multimode competition, etc.), the proposed TDCM
has significantly reduced the full-wave analysis capability by
assuming a 1-D connection between the active device and
segmentations of the passive circuit/antenna, which may fail
to catch some of the wave phenomena in tightly integrated
circuits where a full-wave analysis becomes important.
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TABLE I
COMPUTATIONAL TIME OF THE UNBALANCED MIXER

(1]

Direct FDTD simulation:

Simulation based on TDCM

uniform microstrip characterization:
T-junction microstrip characterization:
* Circuit simulation:

Saved time:

97214 seconds

(2]

151 seconds
6294 seconds
544 seconds
90225 seconds

* Transient function extraction has been included

(3]
(4]

10Az. Spacial steps are the same as that of the FDTE?]
simulation of the uniform line and the T-junction, but the
time stepAt = 0.1 ps, not 0.2 ps from Courant’s stability (6]
criterion, to avoid divergence of a damped Newton—Raphson
procedure to iteratively seek for the solution of electric field of
the nonideal diode [8]. It means that 80 000 time steps must Bé
carried out for 8000-ps simulation. Hence, the computational
effort required by the simulation significantly increases when
including nonlinear lumped elements. 8
The solid lines in Figs. 11-13 show input, diode, and
output voltages simulated directly by FDTD. One can see thig)]
both results simulated directly by FDTD and based on th
TDCM's have good agreement. Table Il lists the comparison
of both computational times. Computational time taken by tH&"]
simulation based on TDCM is about 1/14 of that required by
direct FDTD simulation. [11]

IV. CONCLUSIONS (12]

In this paper, we have presented a time-domain modulﬁg
method to speed up transient analysis of microwave circuits.
By dividing a large complex nonlinear circuit into linear
components and nonlinear devices, then characterizing e?ﬁ{]\
individually in TDCM'’s or lumped equivalent circuits, com-
putational memories are reduced. Since the limit imposed b
Courant’s stability criterion is broken, a large time step ca
be chosen for simulation. Thus, computation is speeded up
significantly. When the circuit is modified, only a few seg-
ments need to be recalculated, the time-consuming repetit{\llgl
computation of the entire circuit is avoided. Application to two
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