Numerical Solutions for the Simulation of Monolithic Microwave Integrated Circuits

Georg Hebermehl,^∗ Rainer Schlundt^†

Weierstrass Institute for Applied Analysis and Stochastics, Mohrenstr. 39, D-10117 Berlin, Germany

Horst Zscheile,^‡

Wolfgang Heinrich^§

Ferdinand-Braun-Institut für Höchstfrequenztechnik, Rudower Chaussee 5, D-12489 Berlin, Germany

January 31, 1997 � � 1991 Mathematics Subject Classification. 35Q60, 35L20, 65N22, 65F10, 65F15. Keywords.

Microwave device simulation, scattering matrix, Maxwellian equations, boundary value problem, finite-volume method, eigenvalue problem, system of simultaneous linear equations.

∗e-mail: hebermehl@wias-berlin.de, URL: http://hyperg.wias-berlin.de †e-mail: schlundt@wias-berlin.de, URL: http://hyperg.wias-berlin.de ‡e-mail: zscheile@fbh-berlin.de, URL: http://www.fbh-berlin.de §e-mail: heinrich@fbh-berlin.de, URL: http://www.fbh-berlin.de

Abstract

The electric properties of monolithic microwave integrated circuits can be described in terms of their scattering matrix using Maxwellian equations. The corresponding three-dimensional boundary value problem of Maxwell’s equations can be solved by means of a finite-volume scheme in the frequency domain. This results in a two-step procedure: a time and memory consuming eigenvalue problem for nonsymmetric matrices and the solution of a large-scale system of linear equations with indefinite symmetric matrices. Improved numerical solutions for these two linear algebraic problems are treated.

Contents

1 Introduction 1

2 Scattering Matrix 2

3 The Boundary Value Problem 3

4 The Maxwellian Grid Equations 5

5 The System of Linear Algebraic Equations 6

6 The Eigenvalue Problem 8

7 Conclusions 9

List of Figures

1 Structure under investigation . . . . . . . . . . . . . . . . . . 2 2 Primary and dual grid . . . . . . . . . . . . . . . . . . . . . . 5

1 Introduction

The design of monolithic microwave integrated circuits (MMIC) requires efficient CAD tools in order to avoid costly and time-consuming redesign cycles. Commonly, network-oriented methods are used for this purpose. With increasing frequency and growing packaging density, however, the coupling effects become critical and the simple low-frequency models fail. Thus, fieldoriented simulation methods become an indispensable tool for circuit design.

Figure 1 illustrates the principal structure under investigation. Since the electric properties are described in terms of the scattering matrix, transmission-line sections have to be attached at the ports. This defines propagation constants and mode patterns required for scattering matrix calculation. Typical line structures are planar lines (microstrip, coplanar waveguide), coaxial lines, or rectangular waveguides. The scattering matrix describes the struc-

Figure 1: Structure under investigation

ture in terms of wave modes at the ports [2], [3], [1], [4], [5], which can be computed from the electromagnetic field. A three-dimensional boundary value problem can be formulated using Maxwell’s equations in order to compute the electromagnetic field.

The application of the finite-volume method to the three-dimensional boundary value problem for the Maxwellian equations results in the so-called Finite-Difference method in the Frequency Domain (FDFD).

The program package F3D (Finite Differenzen dreidimensional) [3], [1] allows to simulate the electromagnetic field of nearly arbitrarily shaped structures.

2 Scattering Matrix

The transmission lines of the structure must be longitudinally homogeneous. The junction of the transmission lines, the so-called discontinuity, may have an arbitrary structure. A short part of the transmission lines is considered as a part of the discontinuity. The whole structure may be surrounded with an enclosure. Cross-sectional planes p = 1 and p = 2, so-called ports, are defined on the transmission lines. The incoming modes ã^{(p)}_l are changed in the discontinuity (see Figure 1). The complex generalized scattering matrix S describes the energy exchange and phase relation between all outgoing modes b̃^{(p)}_l and all incoming modes ã^{(p)}_l [5].

S = S_{11} S_{12} · · · S_{1ms} S_{21} S_{22} · · · S_{2ms} . . . . . . . . . . . . . . . . . . . . . . . S_{ms1} S_{ms2} · · · S_{msms} = (S^{ρ,σ}), (1)

ρ, σ = 1(1)m_s, m_s = p∑ p=1 m^{(p)}.

m^{(p)} is the number of modes which have to be taken into account on the cross-sectional plane p. p is the number of cross-sectional planes.

The scattering matrix can be extracted from the orthogonal decomposition of the electric field at a pair of two neighboring cross-sectional planes p and p + Δp (see Figure 1) on each waveguide for a number of linear independent excitations of the transmission lines. Therefore, we need the electric field. The electric field is computed using a boundary value problem for the Maxwellian equations.

3 The Boundary Value Problem

Because the scattering matrix is defined in the frequency domain, it is convenient to restrict oneself to fields which vary with the time t according to the complex exponential function e^{ȷωt}. Thus, we use the integral form of the Maxwellian equations in the frequency domain: ∮ ∂Ω 1 μ̃μ_0 ⃗B · d⃗s = ∫ Ω (ȷωϵ̃ϵ_0 ⃗E) · d⃗Ω, ∮ ∪Ω (ϵ̃ϵ_0 ⃗E) · d⃗Ω = 0, ∮ ∂Ω ⃗E · d⃗s = ∫ Ω (−ȷω ⃗B) · d⃗Ω, ∮ ∪Ω ⃗B · d⃗Ω = 0, (2) taking into account the constitutive relations ⃗B = μ ⃗H, ⃗D = ϵ ⃗E, with ϵ = ϵ + κ ȷω , μ = μ̃μ_0, ϵ = ϵ̃ϵ_0. The two equations on the right-hand side of (2) correspond to Gauss’ flux laws. The field vectors ⃗E, ⃗H, ⃗D, and ⃗B (electric and magnetic field intensity, electric and magnetic flux density, respectively) are complex functions of the spatial coordinates only. ω is the circular frequency and ȷ^2 = −1. The permeability μ, the permittivity ϵ, and the conductivity κ are assumed to be scalar functions of the spatial coordinates. ϵ is the complex permittivity. Boundary conditions At the enclosure, except at the cross-sectional planes, the tangential electric or the tangential magnetic field is known. At the cross-sectional planes p the transverse electric field ⃗E^{(p)}_t = ⃗E_t(z_p) is given by superposing transmission line modes ⃗E^{(p)}_{t,l} = ⃗E_{t,l}(z_p) with weighted mode-amplitude sums w^{(p)}_l = w_l(z_p). The transverse electric mode fields ⃗E^{(p)}_{t,l} are computed using an eigenvalue problem for transmission lines (see section 6).

The transverse mode fields ⃗E^{(p)}_{t,l} satisfy an orthogonality relation (δ_{l,m} Kronecker symbol).

⃗E^{(p)}_t = m(^p)∑

l=1 w^{(p)}_l ⃗E^{(p)}_{t,l} , ∫ Ω ( ⃗E^{(p)}_{t,l} × ⃗H^{(p)}_{t,m}) · d⃗Ω = η_mδ_{l,m}, η_m = 1[W ]. (3) This means that a three-dimensional boundary value problem of the Maxwellian equations is formulated.

The orthogonality relation is applied at two neighboring cross-sectional planes z_p and z_{p+Δp} = z_p + Δz_p (see Figure 1): 1 ηm ∫ Ω ( ⃗E^{(p)}_t × ⃗H^{(p)}_{t,m}) · d⃗Ω = ã^{(p)}m + b̃^{(p)}m = w^{(p)}m , 1 ηm ∫ Ω ( ⃗E^{(p+Δp)} t × ⃗H^{(p)}_{t,m}) · d⃗Ω = ã^{(p+Δp)}m + b̃^{(p+Δp)}m = w^{(p+Δp)}m . (4)

The weighted mode-amplitude sums w^{(p)}_l are given. Because of

ã^{(p+Δp)} m = ã^{(p)}_m e^{−ȷk(p)zl Δzp} , b̃^{(p+Δp)}_m = b̃^{(p)}_m e^{+ȷk(p)zl Δzp} (5) we can eliminate ã^{(p+Δp)}m and b̃^{(p+Δp)}m from (4). Obtaining the mode amplitudes ã^{(p)}m and b̃^{(p)}m we can compute the scattering matrix (1) [5].

4 The Maxwellian Grid Equations

It is advantageous to solve the Maxwellian equations directly rather than solving a partial differential equation of second order derived therefrom, because the quantities μ̃ and ϵ̃ can be different from cell to cell when using Maxwellian equations. The region is divided into elementary rectangular par-

Figure 2: Primary and dual grid

allelepipeds by using a three-dimensional nonequidistant orthonormal Cartesian grid. The components E_x, E_y, and E_z of the electric field ⃗E are located in the centers of the edges of the elementary cells. The components B_x, B_y, and B_z, on the other hand are normal to the face centers [9], [8]. Thus, the electric field components form a primary grid and the magnetic flux density components a dual grid (see Figure 2). Using the lowest-order integration formulae ∮ ∂Ω ⃗f · d⃗s ≈ ∑ (±f_is_i), ∫ Ω ⃗f · d⃗Ω ≈ fΩ (6) to approximate the integrals in (2) we get the matrix representation of Maxwell’s equations:

A^T D_{s/μ̃}⃗b = ȷωϵ_0μ_0D_{Aϵ̃}⃗e, BD_{Aϵ̃}⃗e = 0, AD_s⃗e = −ȷωD_A⃗b, B^T D_A⃗b = 0 (7)

with ⃗e = ⃗e_x ⃗e_y ⃗e_z , ⃗e_x = (e_{x1} , e_{x2} , . . . , e_{xnxyz} )^T , ⃗e_y = (e_{y1} , e_{y2} , . . . , e_{ynxyz} )^T , ⃗e_z = (e_{z1} , e_{z2} , . . . , e_{znxyz} )^T , e_{xl} = E_{xi,j,k} , e_{yl} = E_{yi,j,k} , e_{zl} = E_{zi,j,k} , (8)

⃗b = ⃗b_x ⃗b_y ⃗b_z , ⃗b_x = (b_{x1} , b_{x2} , . . . , b_{xnxyz} )T , ⃗b_y = (b_{y1} , b_{y2} , . . . , b_{ynxyz} )T , ⃗b_z = (b_{z1} , b_{z2} , . . . , b_{znxyz} )T , b_{xl} = B_{xi,j,k} , b_{yl} = B_{yi,j,k} , b_{zl} = B_{zi,j,k} , (9)

ℓ = (k − 1)n_{xy} + (j − 1)n_x + i, n_{xy} = n_xn_y, n_{xyz} = n_xn_yn_z.

The vectors ⃗e and ⃗b contain the components of the electric field and the components of the magnetic flux density of the elementary cells, respectively. The diagonal matrices D_s and D_A contain the information on material and on dimension for the structure and the corresponding mesh. A represents the curl operator in the second Maxwellian equation of (2) using the primary grid. B represents the surface integral of the divergence. A and B are sparse and contain the values 1, -1, and 0 only.

5 The System of Linear Algebraic Equations

The two equations of the left-hand side of (7) form a system of linear algebraic equations of the electromagnetic field in the absence of any boundary conditions. Eliminating the components of the magnetic flux density the number of unknowns in this two equations can be reduced by a factor of two:

Q_1⃗e = 0, Q_1 = A^T D_{s/μ̃}D^{−1}_A AD_s − k^2_0 D_{Aϵ̃}, k_0 = ω √ ϵ_0μ_0. (10) Taking into account the boundary conditions we get a partitioning of the matrix Q_1 into a sum of two matrices Q_1⃗e = (Q_{1,A} + Q_{1,r})⃗e = 0, and we have to solve

Q̃_{1,A}⃗ẽ = ⃗r̃, Q̃_{1,A} = D^12_s Q_{1,A}D^{− 1}2_s , ⃗r̃ = D^12_s ⃗r, ⃗r = −Q_{1,r}⃗e. (11) Adding the matrix representation of the gradient of the electric-field divergence, which is equal to zero for fields without space charge, ϵ̃ϵ_0∇( 1 (ϵ̃ϵ_0)^2

∇ · ϵ̃ϵ_0 ⃗E) = 0 ⇒ Q_2⃗e = 0 with Q_2 = D^{−1}_s D_{Aϵ̃}B^T D^{−1}_{V ϵ̃ϵ̃}BD_{Aϵ̃} to (11) gives the system (Q̃_{1,A} + Q̃_{2,A})⃗ẽ = ⃗r̃ (12) with Q̃_2 = D^12_s Q_2D^{− 1}2_s , Q̃_2 = Q̃_{2,A} + Q̃_{2,r}, ⃗ẽ = D^12_s ⃗e, Q̃_{2,r}⃗ẽ = 0, Q̃_{2,A}⃗ẽ = 0 which can be solved numerically faster [1]. The effect of this additional term can be interpreted as preconditioning. The system of linear algebraic equations is solved using multicoloring or independent set orderings to reduce the dimension of the system. The reduced systems are solved using iterative methods with preconditioning. The execution time was reduced by a factor of 10 in comparison to the original package F3D.

6 The Eigenvalue Problem

Before we can solve the system of linear equations we have to compute the transverse electric mode fields ⃗E^{(p)}_{t,l} at the port for the boundary condition using an eigenvalue problem. We consider a selected transmission line in the discussion to follow. ϵ̃ and μ̃ are functions of transverse position but are independent of the longitudinal direction. Thus, we assume that the fields vary exponentially in the longitudinal direction : ⃗E(x, y, z ± 2h) = ⃗E(x, y, z)e^{∓ȷk}z^{2h}. (13) k_z is the propagation constant. A substitution of the ansatz (13) into the system of linear equations (10) taking into account boundary conditions, and the elimination of the longitudinal electric field components by means of the electric-field divergence equation (see 7)) gives an eigenvalue problem [4] for the transverse electric field on the transmission line region:

M(h^2)⃗e = γ(h)⃗e , type(M) = (2n_{xy} − n_b, 2n_{xy} − n_b). (14)

The sparse matrix M is nonsymmetric. ⃗e consists of components E_{xi,j,k} and E_{yi,j,k} , k = const, of the eigenfunctions. The size of n_b depends on the boundary conditions at the port. The propagation constants k_z (16) can be computed from γ (15) after the solution of the eigenvalue problem (14):

γ_ι(h) = e^{−ȷkzι 2h} + e^{+ȷkzι 2h} − 2 = −4 sin^2(k_{zι} h) = u_ι + ȷv_ι, (15)

k_{zι} = ȷ 2h ln ( γ_ι 2 + 1 + √ γ_ι 2 (γ_ι 2 + 2 )) = β_ι − ȷα_ι, ι = 1(1)2n_{xy} − n_b. (16)

The energy of the complex and evanescent modes decreases exponentially with the distance from the discontinuity. Thus, most of the modes can be neglected within the limit of accuracy. Generally speaking, the larger the magnitude of the imaginary part of k_z the stronger the decay. Therefore, the propagation constants k_{zι} , ι = 1(1)2n_{xy} − n_b, are sorted in ascending order of | α_ι |. In the case if some | α_ι | have the same value the constants k_{zι} are sorted in descending order of | β_ι |.

In the original version of the program package F3D all propagation constants are computed and sorted in order to select the wanted propagation constants. This way is very time-consuming. The full matrix is stored.

In order to avoid the time-consuming computation of all eigenvalues γ we use the implicitly restarted Arnoldi iteration [7], [6] now, which is carried out twice to find the first propagation constants of the sorted set.

Using the iterative method the computation of the needed propagation constants in a typical example is 40-fold faster than in the old version. The reduction of the memory consumption amounts the 20-fold, since the sparse storage technique is applied.

7 Conclusions

The Finite Difference method in Frequency Domain allows the calculation of the scattering matrix for a number of simultaneously excited modes. This is an advantage compared with computations in the Time Domain. The price to be paid is the high memory consumption and the time-consuming solution of an eigenmode problem of high dimension and of large systems of linear algebraic equations.

We avoid the time-consuming computation of all eigenvalues in order to calculate a selected set of propagation constants using an iterative method that is carried out twice. We find that the SSOR preconditioning combined with the multicoloring or independent set orderings is a very efficient method to solve the systems of linear equations. The numerical effort and the storage requirements can be reduced considerably.

References

[1] Beilenhoff, K., Heinrich, W., Hartnagel, H. L., Improved Finite- Difference Formulation in Frequency Domain for Three-Dimensional Scattering Problems, IEEE Transactions on Microwave Theory and Techniques, Vol. 40, No. 3, 1992, pp. 540-546.

[2] Christ, A., Hartnagel, H. L., Three-Dimensional Finite-Difference Method for the Analysis of Microwave-Device Embedding, IEEE Transactions on Microwave Theory and Techniques, Vol. MTT-35, No. 8, 1987, pp. 688-696.

[3] Christ, A., Streumatrixberechnung mit dreidimensionalen Finite- Differenzen für Mikrowellen-Chip-Verbindungen und deren CAD-

Modelle, Fortschrittberichte VDI, Reihe 21: Elektrotechnik, Nr. 31, 1988, pp. 1-154.

[4] Hebermehl, G., Schlundt, R., Zscheile, H., Heinrich, W., Simulation of Monolithic Microwave Integrated Circuits, Weierstraß-Institut für Angewandte Analysis und Stochastik im Forschungsverbund Berlin e.V., Preprint No. 235, 1996, pp. 1-37.

[5] Hebermehl, G., Schlundt, R., Zscheile, H., Heinrich, W., Improved Numerical Solutions for the Simulation of Monolithic Microwave Integrated Circuits, Weierstraß-Institut für Angewandte Analysis und Stochastik im Forschungsverbund Berlin e.V., Preprint No. 236, 1996, pp. 1-43.

[6] Lehoucq, R. B., Analysis and Implementation of an Implicitly Restarted Arnoldi Iteration, Rice University, Houston, Texas, Technical Report TR95-13, 1995, pp. 1-135.

[7] Sorensen, D. C., Implicit Application of Polynomial Filters in a k-Step Arnoldi Method, SIAM Journal on Matrix Analysis and Applications., Vol. 13, No.1, 1992, pp. 357-385.

[8] Weiland, T., Eine numerische Methode zur Lösung des Eigenwellenproblems längshomogener Wellenleiter, Archiv für Elektronik und Übertragungstechnik, Band 31, Heft 7/8, 1977, pp. 308-314.

[9] Yee, K. S., Numerical Solution of Initial Boundary Value Problems Involving Maxwell’s Equations in Isotropic Media, IEEE Transactions on Antennas and Propagation, Vol. AP-14, No. 3, 1966, pp. 302-307.