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Coupled Field and Circuit Analysis
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Three-Port SPICE Circuit or Device
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Abstract—A general SPICE-transmission-line matrix (TLM)
interconnection framework has been developed. The connection
algorithm is based on the representation of the TLM network
by equivalent Thévenin and/or Norton sources. Fundamental
issues such as source equivalence and SPICE-TLM intercon-
nection options have been examined. The framework opens new
and far-reaching possibilities for hybrid global microwave and
high-speed digital circuit modeling in the time domain because it
combines the extensive circuit and device models of SPICE with
general three-dimensional field solutions.
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I. INTRODUCTION two approaches give identical results as long as the device is
o ) truly lumped.
T HE transmission-line matrix (TLM) method models |, many practical situations, the device to be modeled may
field equations in terms of transmission line networkgecypy a volume that is comparable to or even exceeds the size
[1]. Parket al. [2] have investigated a number of techniquegs 4 single TLM cell, yet its dimensions remain small compared

for embedding lumped and distributed devices in the TLN, {he spatial wavelength of interest. In other words, the device
mesh. We have generalized these techniques based on g e distributed over several TLM cells but remains quasi-

representation of the TLM network by equivalent Theévenifynned from a field perspective. This calls for a distributed
voltage and/or Norton current sources [3]. The interconnectigierconnection between device and field. The interconnection

framework allows designers to combine the extensive circyit mework in [3] allows for both quasi-lumped and distributed
and device modeling capability of SPICE with a field-basegayice embedding into the field space.

TLMengine in real time. Thus, it opens new avenues for hybrid |, this paper, we further generalize the interconnection frame-
analysis in high-frequency and_d|g|tal circuit engineering. Thfork so that the SPICE—TLM interface boundary can be posi-
new framework allows embedding of SPICE models into TLMjon, at three different locations. As will be shown in the fol-
as well as embedding of TLM substructures into SPICE.  |oying sections, by properly selecting the timing and magnitude
As mentioned in [2]-[6], lumped elements can be connectgdihe impulse returned by the SPICE model to the TLM mesh,

to a TLM mesh either at the nodes or at the cell boundaries. T, SPICE_TLM interface can be placed either at a cell center
major difference between these two approaches lies in the trealy houndary, or halfway between them. Our simulation results
ment of voltage |mpulse§ incident on the device. Nod.e implggnfirmed that, when the circuit does not contain resonant struc-
mentation places the device atthe centerof a TLM cell; |mpuls§ﬁes, all three approaches give accurate results. However, when

emerging from the device depend on the incident impulses ad circuit does contain resonant structures, only the last option
the device characteristics. On the other hand, boundary implgrers a stable and lossless implementation.
mentation places the device at the location halfway between two
nodes; TLM scattering at nodes is not affected in the latter case, Il. | NTERCONNECTIONFRAMEWORK
but the impulses emerging from the modeling boundary back

into the TLM nodes depend on the device characteristics. The'19- 1 depicts two possible scenarios of a general
SPICE-TLM interconnection. In one case, the TLM structure

is much larger than the SPICE circuit. In the other case, the
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the TLM structure. The switch indicates that SPICE is working in the transient

analysis mode. Fig. 4. Blocks of TLM cells that combine to Norton equivalent-current sources
at the terminals.
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Fig. 3. Stacks of TLM cells that combine into a Thévenin equivalent voltaqgf the M stack voltages, and the equivalent TLM impedance is

soree: the shunt combination of the stack impedances
; ; : ) .
ports. Hence, Ehe problem of interconnecting them boils down Vitwmg =2 x Vi = = Z Z i @)
to defining Thévenin and/or Norton equivalent sources for the M £~ = ’
TLM mesh. Since these two types of sources are equivalent, 1
either of them can be used to drive the SPICE circuits. ZTLMm M Z Zm.n- ®)

As TLM and SPICE are both time-domain solvers, the in-
ternal resistance .y of the Thévenin source (see Fig. 2) is For a current-driven SPICE circuit, instead of finding the
determined exclusively by a combination of the characteristithévenin voltage sources, we must obtain the Norton current
impedances of the link lines connected to the ports of the SPIGBurces. The procedure is a dual of the previous description.
circuit. The instantaneous open-circuit voltage of the Théveriithe TLM cells at the terminal interfaces constitute the loops of
source is found by combining the voltage impulses incidemtegration for finding the current entering and leaving the de-
in these lines. At time:At, the open-circuited voltage of thevice terminals. Using the stack and row numbering convention
source is shown in Fig. 4, the equivalent Thévenin voltage and impedance
for terminaln with M pairs of link lines are
Veome =2 x Vg (1) 9
. o _ o Veoame =2 x Vi = i Zkvfnm (4)

whereV; is a combination of all voltage impulses incident on m
the link lines coupled to the device. In Fig. 3, a voltage-driven 7 _ 1 7 )
two-terminal SPICE device is represented by a cuboid volume TLM =y > Znn
sandwiched between two conducting surfaces. The TLM link "
lines polarized in the direction of the device voltage form Once the equivalent source at the interface port is found, the
M stacks ofN series-connected lines. The link lines polarizegdroblem of connecting the two simulation domains reduces to
normal toV, (not shown) are open-circuited on the device sideomputing the returning impulse at the SPICE-TLM interface
walls. Assuming that all link lines have the same characteris{i€ig. 2). As shown in Fig. 5, three different scenarios are pos-
impedance, the total equivalent incident voltage is the averagjble. The node implementation places the SPICE element at the
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cell center. The incident impulse arriving at the cell boundar Node Boundary Averaging

is allowed to travel down the link line. As soon as the impulse
reaches the center, the total voltage is computed by SPICE, a
a reflected voltage impulse, equal to the difference between tt
total voltage and the original incident voltage impulse, is re: O O—l
flected back into the link line. This impulse returning process
can be expressed as

O )

™ I
k+1/2 . . Effective Eﬁecti\)e Effective
r _ ) 7
Vk+1/2 = SPICEk+1/2 (Vk+1/2) — Vk+1/2' (6) SPICE Boundary SPICE Boundary SPICE Boundary

. . . Fig. 6. Effective SPICE-TLM boundary for different impulse returning
b
where SPICE,(V,;) denotes a SPICE-based integratiofiplementation. The position of cell boundary remains the same for all the

process that begins aiA¢ and stops atbAt; ;he mag- cases.
nitude of its Thévenin voltage source isx%}. Hence,

SPICE} 1/ (Vki+1/2 would be the instantaneous total
voltage computed by SPICE &t + 1/2)At. Because the link
line is nondispersive and lossless, the voltage impulse incide
on the boundary @At is equal to the impulse incident on the
cell center atk + 1/2)At, i.e.,V} = V1§+1/2- Similarly, the
impulse emerging from the SPICE circuit @ + 1/2)At is
equal to the impulse returning to the boundanf/att 1)At,
i.e., Vi1 = Vii1/»- The above equation can be rewritten tc
relate the impulse¥)’ andV;,; at two successive TLM time ¢,
steps Vi

2y

Vi, = SPICE’;}j; (Vi) = Vi )

. . . Fig. 7. Two SPICE subcircuits embedded in a parallel plate transmission
This node implementation seems to be the most natural Wy and the corresponding SPICE schematic. The spacing between the two
to interconnect SPICE and TLM. However, as will be showstbdomains is 24 mm. The 81.73218 ps in transmission line T1 corresponds

later, the node implementation may be unstable when reson%’{ﬁ 2:4L’ﬁt:deL""2‘)§ fzorLtgle j"ff;%gg mpa"ﬁg‘fgat:'ogzyf z'”fzug;?”ncﬁs are.
structures are present in the circuit.

Instead of placing the SPICE-TLM interface at the cell | tati Id be | if the circuit tai i
center, it could be placed in the cell boundary. A straightfop—?IO ementation could be lossy I the circuit contains resonan

. . elements.
ward way to implement a boundary scheme is The averaging implementation in Fig. 5 is a combination of
V; = SPICE! (Vi) = Vi (8) the previous two approaches

However, this would use the instantaneous voltage com-v; , = L [SPICEZ (Vi) + SPICE; ! (V,:)} - Vi, (10)

puted by SPICE atAt. Such a choice would have the same 2

destabilizing effect associated with the node implementati@ur simulation results show that the averaging approach is loss-
mentioned earlier; it also advances the unstable phenomésss and remains stable even in the presence of resonant struc-
by At/2. The integrated boundary implementation in Fig. fures. The effective position of the SPICE-TLM boundary is
places the SPICE-TLM interface at the cell boundary with afiso the average of the node and the integrated boundary imple-
integration process. SPICE starts its integration process as sa@ntation (Fig. 6).

as the incident impulse arrives at the boundary (at time). All three implementations give accurate results when the
The total voltage atk + 1)At is used to computed the voltageSPICE-TLM circuit does not contain resonant structures. We
reflected to the TLM region have tested these implementations with passive and active
. bl i ; SPICE elements and found that the averaging implementation
Via = SPICE; ™ (Vi) - Vi (9 works well under all tested situations.

The integrated boundary implementation may be nonphysical
because of the delayed response coupled with an integration
process. The At integration interval equals the transit time We have thoroughly tested the above interconnection frame-
of 1Al, which is the round-trip distance between the cellork. The first set of numerical experiments is to verify the three
boundary and the cell center. Coupled with the integratiatifferent SPICE-TLM interconnection schemes. Fig. 7 shows
process, this places the SPICE-TLM boundary effectively &to SPICE subcircuits embedded in a parallel plate transmis-
the cell boundary. This will be validated in the next sectiorsion line modeled by a TLM mesh. The size of each SPICE
Our simulation results indicated that the integrated boundasybdomain in the TLM mesh is22 x 2 mn?. The spacing be-
implementation could indeed eliminate the aforementiondédeen the two subdomains is 24 mm. The propagation delay for
unstable effect. Even though it is stable, the integrated boundarynm is 3.33564 ps. The delays for node, integrated boundary,

I1l. V ALIDATION
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_ , , with SPICE-TLM indicates that the boundary implementation
Fig. 9. Node implementation: due to the resonant nature of the topologi;

unstable spurious oscillation occurred after a lengthy simulation. The inser¥’slo_ssy' ) .
show the voltage magnitudes at the input and output ports from 0 to 2 ps andFig. 11 compares th&-parameters obtained with PSPICE

the spurious field distribution at the oscillating stage. and the averaging implementation. Since the SPICE-TLM
boundary is halfway between the cell center and the cell

—s1i.sPicE boundary, the length of the three transmission lines in the
o8 e PSPICE schematic would be 5.75, 24.5, and 5.75 mm. The
. $21.mef associated delays are 19.17993, 81.73218, and 19.17993 ps,
8 o5 respectively. Both the magnitude and phase of §hgarame-
£ \ ters obtained with SPICE-TLM and PSPICE are in excellent
S 04 \\ agreement.
02 ‘ ™ DelayinT1 is The next set of numerical experiments demonstrates the non-
- V soossasps  linear capability of SPICE-TLM. Note that the TLM part is kept
0 : as simple as possible without loss of generality. This enables
4 45 5 55 6 us to compare the hybrid SPICE-TLM combination to a pure
Frequency in GHz SPICE representation. Fig. 12 depicts a parallel plate transmis-

Fig. 10. Boundary implementation: both SPICE and SPICE-TLM yielglgn .Ime .Wlth a SPICE ele.ment at the center of the first .trans_
the same center frequency. However, the reduction in magnitude of #¥SSION line. The second line is used as a reference to yield the
S-parameters computed with SPICE-TLM indicates that the boundaamplitude of the incident input signal. The lines are discretized
implementation is lossy. with a3Al x 3Al x 40Al mesh,Al = 1 mm.

Figs. 13 and 14 depict the responses of a diode and a BJT
and averaging implementations are 25, 24, and 24.5vhich network excited by a 2-GHz sinusoidal excitation. Fig. 15 de-
correspond to 83.391, 80.05536, and 81.73218 ps, respectivplgts the responses of a common base BJT amplifier excited by a

Fig. 8 compares th&-parameters obtained with PSPICEsimilar sinusoidal voltage source. In all the cases, the SPICE and
and the node implementation. Both methods give similar cen®@PICE-TLM results are in excellent agreement. The node, in-
frequencies, but the SPICE-TLM result is obviously incorrediegrated boundary and averaging interconnection schemes were
This is due to an unstable spurious oscillation caused by thged to simulate the above circuits, and the results obtained with
node implementation (Fig. 9). Fig. 10 compares$hparame- all three methods were virtually identical. Fig. 16 shows the dis-
ters obtained with PSPICE and the boundary implementatiamepancy between these methods for the common base BJT am-
The reduction in magnitude of th§-parameters computed plifier experiment. The maximum voltage difference at the am-
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schematic. A 2-GHz sinusoidal voltage source is used to drive the structure;
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Fig. 15. Response of a common emitter amplifier insert in the parallel plate

rce. The node, integrated boundary and averaging interconnection schemes

Fig. 12. Testing setup. A 37@-parallel plate transmission lines and its SPIC%%UCture in Fig. 12. The circuitis driven by 2 0.05-V 2-GHz sinusoidal voltage

and T3 each have a delay of 32.5 ps.
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Fig. 13. Responses of a diode circuit inserted in the parallel plate structyr
in Fig. 12. The TLM excitation source is a 5-V 2-GHz sinusoidal signal. Th
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SPICE and SPICE-TLM results are in excellent agreement.

ive virtually identical results, which are in excellent agreement with the results

from PSPICE. The discrepancies between the different interconnection schemes
are shown in Fig. 16.
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averaging scheme as a reference, the plots show the percentage difference
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SPICE and SPICE-TLM results are in excellent agreement.
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Fig. 17. Common emitter circuit in microstrip. The circuit is driven by a

plifier’s terminal is less than 0.4%. The formulas for computin§-°5'v 2-GHz sinusoidal voltage source. Unlike the response in Fig. 15, this
the voltage difference are

and

(Vin.B1 — Vin.a1)

100 -
%X Max {Vin ar}

(Vin.NT — Vina1)

1009 —_—
% X Max {‘/in.AI}

(Vout.BT — Vout.AT)
100% x
Max {Vous a1}

(‘/out.NI - Vout.AI)
100
% X Max {Vout.AI}

ne has a very high frequency oscillation caused by the parasitic feedback in
the microstrip environment.

where Al, Bl, and NI stand for averaging, boundary, and node
implementation, respectively.

As a final experiment, the common emitter circuit in the pre-
vious example has been placed in a microstrip environment. Due
to the presence of unwanted parasitic feedback, the circuit os-
cillates at a high frequency, Fig. 17. The oscillation can be elim-
inated by placing a resistive loading circuit at the collector ter-
minal of the SPICE sub-circuit. The field distribution and time
response of the modified circuit are shown in Fig. 18.
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