
4. CONCLUSION

In the BiCMOS process, the trade-off in specifications of all kind
of circuits can be fully utilized for possible circuit designs. In this
paper, the trade-off between the NF and linearity for LNA circuit
design have been tested and verified. A good choice in the first
stage of the LNA design is an HBT for a better NF, and the last
stage is an MOS for better linearity. Furthermore, the circuits
(HBT-MOS) designed in this paper are very useful for integration
with other subcircuits in 5–6-GHz receivers IC due to its power-
saving characteristic and better figure of merit.
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ABSTRACT: In this work, the electromagnetic modeling of multire-
gion, finite-sized lossy substrates in microelectronic circuits is carried
out utilizing time-domain surface integral equations. To reduce the addi-
tional computational complexity in the implementation caused by the
decaying “wake” of the Green’s function in lossy media, the resulting
temporal convolution is addressed by the creation and use of an a priori
exponential fitting table for discrete distances through Prony’s method.
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1. INTRODUCTION

With the modern microelectronic industry entering a new era
featuring progressively higher speed and more highly integrated
mixed-signal systems on chip, accurate modeling of distributed
electromagnetic behavior of sections, which may include signal
traces, power planes, substrates, and so forth, is crucial during the
design flow. Driven by broadband and nonlinear circuit design
[1–5], time-domain coupled electromagnetic and circuit simulation
has been gaining popularity. In particular, integral-equation meth-
ods [6–14] have proven to be useful since radiation conditions are
built in and only surface meshing and modeling is needed. In this
work, the time-domain integral equation (TDIE) method is en-
hanced to model realistic loss behavior in substrates, which is a
crucial component for quality-factor prediction of integrated pas-
sives, as well as potentially for thermal pattern prediction.

The EM simulation environment in emerging and future 3D
integrated circuits is characterized by multiple piecewise homoge-
neous regions. Each region is comprised of lossy materials, which
may or not have a strong impact on the overall performance. In
general, for higher speed and higher sensitivity systems such as RF
and analog methods, the loss is a crucial factor in determining
system specifications and performance. The TDIE approach has

Figure 7 Microphotograph of the fabricated LNAs. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley-
.com.]
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been shown to work with lossy material [15–18] wherein the
Green’s functions, besides possessing delta functions in time, also
include a broadly exponentially decaying ‘wake’. This leads to the
implementation issue that the spatial integrals at retarded times
have to be replaced by temporal convolutions. This convolution
brings not only coding complexity, but also increases the compu-
tational cost dramatically [15, 17].

In the presented work, the multiregion substrate geometry is
addressed with a TDIE solver. An equivalent-surface approach for
each region is used along with the following method to tackle the
lossy medium Green’s function. To circumvent the difficulty
caused by the convolution in time, the decaying ‘wake’ in the
Green’s function is approximated by a sum of decaying exponen-
tials via Prony’s method. It is shown that for circuit dimensions
and realistic losses, the decaying ‘wake’ changes slowly with the
variation of the distance between the source and observation point.
This allows the creation and use of an exponential fitting table for
discrete distances. The use of the exponential models permits the
convolutions in time to be computed recursively. This then
achieves the purpose of reducing the computational complexity, as
compared to the brute force case, to be the same as that of a TDIE
solver for lossless media, except for an increased constant.

2. FORMULATION

2.1. Multiregion Substrate Modeling Using TDIE
As shown in Figure 1, the substrate may consist of multiple
regions, and each region is characterized by its material property
parameters �n, �n and �n. By invoking the equivalence principle,
the interior material of each region is replaced by an equivalent
surface Sdk, k � 1, 2, . . . , n, on which both equivalent electric
current Jdk and magnetic current Mdk exist. On the conductor
surface only an electric current Jc exists.

The scattered field outside and inside each region may be
written in terms of the equivalent current Jdk, Mdk, and Jc. Here,
Sdk

� and Sdk
� indicates approaching Sdk from inside and outside,

respectively [19]:

Ee
s,k�Jc, Jdk, Mdk� � Einc � 0 r � Sdk

� k � 1, 2, . . . , n

Ed
s,k�Jdk, Mdk� � 0 r � Sdk

� k � 1, 2, . . . , n. (1)

For the sake of formulation clarity, assume there is no conduc-
tor residing inside the substrate. By invoking a surface-impedance
approximation in the time domain, the boundary condition for the
electric field on the surface of the conductor is given by

�Ec
s�Jc, Jd1, Md1, . . . , Jdn, Mdn� � Einc�tan � �Z*s

�Jc

�t �
tan

r � Sc,

(2)

where tan denotes the tangential part of Sc, * denotes temporal
convolution, and Zs(t) is the time-domain representation of surface
impedance

Zs�t� � � ��/��t t � 0
0 t 	 0. (3)

A detailed description on how the temporal convolution is com-
puted efficiently can be found in [10, 23–26]. Assume the back-
ground media is lossless. For the exterior problem, currents Jd,
Md, and Jc satisfy the following equation:

Einc�r, t� ��
s

ds� �
�	

t�R/c0

dt��0Ge�R, t���
�J�r�, t��

�t�

� 
 �
s

ds� �
�	

t�R/c0

dt�
�1

�0
Ge�R, t����

0

t�


 � J�r�, t��dt� �


 
�
s

ds� �
�	

t�R/c0

dt�Ge�R, t���M�r�, t�� (4)

S � Sd � Sc, J � Jd � Jc, M � Md,

and for the interior problem, currents Jdk and Mdk satisfy

0 � �
sdk

ds� �
�	

t�R/ck

dt��kGd�R, t�����Jdk�r�, t��

�t�
�

�k

�k
Jdk�r�, t���

� 
 �
sdk

ds� �
�	

t�R/ck

dt�
�1

�k
Gd�R, t����

0

t�


 � Jdk�r�, t��dt� �


 
�
s

ds� �
�	

t�R/ck

dt�Gd�R, t����Mdk�r�, t��

�
�k

�k
�

0

t�

Mdk�r�, t��dt�� k � 1, 2, . . . , n. (5)

In Eqs. (4) and (5), R � �r � r�� represents the distance between
source and observer; c0 and ck are the speed of light in the
background media and inside each substrate region, respectively,
and Ge(R, t�) is the Green’s function in the lossless background
media:

Ge�R, t�� �
��t � t� � R/c0�

4�R
. (6)

However, for Gd(R, t�), the Green’s function in the substrate
(shown below), in addition to the � function, also includes another
term due to the exponentially decaying wake, owing to the loss of
the substrate [20]:

Figure 1 Multiregion substrate. The layered structure is only shown for
convenience but is not required in the formulation or implementation
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Gd�R, t�� �
exp���k�t � t���/2�k

4� 	��t � t� � R/ck�

R

�

�kI1� �k

2�kck
�ck

2�t � t��2 � R2�
2�k�ck

2�t � t��2 � R2
U�t � t� � R/ck�
 � G0 � G1,

(7)

where �k and �k are the conductivity and permittivity of subregion
k, respectively, I1 is the first order modified Bessel function of the
first kind, and U is the Heaviside step function. To numerically
solve Eqs. (1) and (2), electric current J and magnetic current M
are approximated in terms of spatial- and temporal-basis functions:

J�r, t� � �
i�1

Ne �
l�1

Nt

IilTl�t�fi�r�, (8)

M�r, t� � �
i�1

Nd �
l�1

Nt

MilTl�t�gi�r�. (9)

The spatial basis function fi(r) used here is the well-known RWG
basis function [19], and gi(r) � n � fi(r) [19], where n is the unit
outward normal vector. Ne and Nd are the number of edges related
to electric and magnetic current, respectively. Tl(t) is the temporal
basis function and Tl(t) � T(t � l
t), where T(t) is a local
temporal basis function and 
t is the time step size. A variety of
temporal basis functions [21, 22] have been studied in the TDIE
literature for accuracy and late time stability. In this work, the
simplest case of a piecewise constant is use, although the presented
formulation is more general. Substituting Eqs. (9) and (10) into
Eqs. (1) and (2), Galerkin testing the resulting equations in space
with fi(r), and point matching in time at time tl � l
t, a matrix
equation is established where the electric and magnetic current
weight coefficients are the unknowns:

	ZJJ0
cc ZJJ0

cd ZJM0
cd

ZJJ0
dc ZJJ0

dd ZJM0
dd

0� ZMJ0
dd ZMM0

dd 
	 Jc�tl�
Jd�tl�
Md�tl�
 � �

k�1

l 	ZJJk
cc ZJJk

cd ZJMk
cd

ZJJk
dc ZJJk

dd ZJMk
dd

0� ZMJk
dd ZMMk

dd 


 	 Jc�tl�k�

Jd�tl�k�
Md�tl�k�
 � 	SRCEM

c �tl�
SRCEM

d �tl�
0 
. (10)

In the above equation, the left-hand side represents the instanta-
neous interaction, the first part on the right-hand side denotes the
delayed interaction due to the finite speed of electromagnetic
waves, and the second part is based on the incident plane-wave
excitation.

2.2. Recursive Temporal Convolution
Unlike the convolution between the � function and source, which
leads to a spatial integration in retarded time, an explicit integra-
tion over time has to be done for convolution between G1(7) and
the source as shown in Eq. (11), where F(t�) is the variation of
source with time.

�
0

t�R/ck

G1�t���F�t��dt�

� �
0

t�R/ck exp���k�t � t���/2�k

4�

�kI1� �k

2�kck
�ck

2�t � t��2 � R2�
2�k�ck

2�t � t��2 � R2


 U�t � t� � R/ck� F�t��dt�. (11)

Direct computation of the temporal convolution drastically
increases the computational cost by a factor of the total number of
time steps, and is therefore not practical for large simulation
problems. To circumvent this difficulty, the following recursive
temporal convolution scheme is used to compute the convolution
efficiently. Let t � t� � 
 � R/ck f t� � t � 
 � R/ck. Eq.
(11) has the following new forms:

�
0

t�R/ck

exp���k
 /2�k�

I1� �k

2�kck
�ck

2
2 � 2
Rck�
�k

2�kc
�ck

2
2 � 2
Rck


 F�t � 
 � R/ck�d
, (12)

Let Q�
, R� � exp���k
 /2�k�

I1� �k

2�kck
�ck

2
2 � 2
Rck�
�k

2�kck
�ck

2
2 � 2
Rck

. (13)

Note that Q(
, R) is a function of both 
 and R. To understand how
Q changes with respect to 
 and R, consider I1( x)/x as follows:

I1� x�

x
� �B1/x x 	 10

exp�x�/�2�x3 x � 10. (14)

As shown in Figures 2 and 3, given realistic circuit dimensions
and realistic loss, Q(
, R) changes slowly and smoothly with the
variation of R, the distance between the source and the observation
point. Based on this property, as indicated by Eq. (15), Q(
, R) can
be well-approximated by a summation of weighted exponentials
[23–26]:

Figure 2 Plot of Q for conductivity � 0.1 s/m
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Q�
, R� � exp���k
 /2�k�

I1� �k

2�kck
�ck

2
2 � 2
Rck�
�k

2�kck
�ck

2
2 � 2
Rck

� �
i�1

q

�iexp��i
 /
t�. (15)

It is also possible to build an exponential table for discrete distance
to approximately fit Q(
, R) from Q(
, 0) to Q(
, Rmax), where
Rmax represents the longest distance between the source and ob-
server:

Q�
, Rk� � �
i�1

qk

�i
kexp��i

k
 /
t�. (16)

This form enables a recursive formulation of the convolution

�
0

t�R/c

Q�
, R��F�t � 
 � R/c�d
 � A �
i�1�

q

�i,tj

� A �
i�1

q

��i�exp��i� � 1�F�tj� � exp��i��
i,tj�1�,

�i � B�i. (17)

Consequently, at each time step, instead of computing the temporal
convolution directly, only a single summation independent of
number of time steps is needed to update the convolution. This

Figure 5 Exponential approximation for Q. Conductivity � 0.5 s/m,
q � 4, R � 0

Figure 6 Relative error between exponential approximations and origi-
nal function. Exponentials set 1 was derived by setting R � 150 microns;
exponentials set 2 was derived by setting R � 0 microns; exponentials set
3 was derived by setting R � 300 microns

Figure 3 Plot of Q for conductivity � 1 s/m

Figure 4 Exponential approximation for Q. Conductivity � 0.1 s/m,
q � 4, R � 0
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then achieves the purpose of reducing computational complexity to
be similar to that of a TDIE solver for lossless media.

As shown in Figures 4 and 5, the exponential approximations
show excellent match to the original Q(
, R) function. As dis-
cussed previously, for realistic substrate sizes and losses, only a
small number of sets of fitting exponentials are needed to accu-
rately represent Q(
, R). In fact, as Figure 7 shows, for substrates
with linear dimensions of 300 �m, only one set of exponentials
might be sufficiently accurate to represent Q(
, R).

3. NUMERICAL RESULTS

In the simulation example, the effect of lossy substrate on the
performance of a X-band low-noise amplifier was simulated. The
time-domain coupled solver was used to extract scattering param-
eters of a two-port system. Two simulation cases were run using
the time-domain solver. One case is without the substrate, while

the other is with the lossy substrate. Then the simulation result
from the time-domain coupled solver was compared with the
measurement data and those from its frequency-domain counter-
part [27, 28]. The two-port system under study is an LC matching
network for an X-band low noise amplifier. As shown in Figures
7 and 8, the network contains an MIM capacitor, a planar spiral
inductor, a coplanar waveguide tee, a coplanar waveguide, and
input/output transmission lines. The physical parameters for the
layer stack are shown in Table 1.

Based upon the fact that the skin depth of the metal layers are
much larger than the thickness of the layers, all the metal layers are
treated as infinitely thin 2D structures. Figure 9 indicates that the
simulation result is closer to the measured data when the effect of
the lossy substrate is included in the modeling.
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Figure 8 Three-dimensional view of LC matching network with lossy
substrate

TABLE 1 Physical Parameters for the Layer Stack

�r Thickness �

Air 1.0 — —
Metal-layer 1 — 0.2 �m 3.33e � 7 S/m
Oxide 4.0 1.5 �m —
Metal-layer 2 — 0.6 �m 1.32e � 7 S/m
Oxide 4.0 1.0 �m —
Metal-layer 3 — 0.6 �m 1.32e � 7 S/m
Oxide 4.0 0.845 �m —
Lossy substrate 11.9 675 �m 5.0 S/m

Figure 7 LC matching network: (a) first layer; (b) second layer; (c) third layer; (d) 3D view
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ABSTRACT: A broadband 40-GHz coherent source, which utilizes su-
percontinuum (SC) generated in highly nonlinear fiber (HNLF) with
large normal dispersion is investigated for the first time. In order to
enhance the SC generation in the HNLF, a new scheme that applies the

Figure 9 The abs-S12 of an LC matching network
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