OPTIMUM STACKED LAYOUT FOR ANALOG CMOS ICs

Enrico Malavasi Davide Pandini Valentino Liberali y

Dipartimento di Elettronica ed Informatica yDipartimento di Elettronica

Universit �a di Padova, Italy Universit �a di Pavia, Italy

ABSTRACT

A rigorous and ef�cient technique is presented for module generation in a maximally stacked layout paradigm for CMOS analog integrated circuits. Analog constraints on symmetry and matching provide a key for heuristics substantially reducing the computational complexity of robust graph algorithms. The solution found minimizes a cost function accounting for parasitic control and routability considerations. Combined with sensitivity analysis and automatic constraint generation, this algorithm provides a suitable performance-driven approach to analog layout module generation. Examples are reported showing the effectiveness of our approach.

1. INTRODUCTION

In recent years, several approaches to the automatic synthesis of analog integrated circuits have been proposed [1, 2, 3]. Signi�cant efforts have been made toward a consistent performance-driven methodology [4], such that the respectof high-levelspeci�cationsis guaranteedin all designstages. However, a severe discontinuity is present between schematic de�nition and physical implementation. Most of the existing tools for high-level architectural selection and circuit sizing are based on numeric optimization [5, 6]. Aim of theseapproachesis toproduceschematicswith transistorsizes and component values accounting for high-level performance and process speci�cations. Unfortunately, some performances such as phase margin and bandwidth are strongly in�uenced by circuit parasitics, which can be evaluatedonly after the layout is completed. Therefore, optimizationcannot accountfor these performancesunlessconsiderationsonlayoutare included.

So far no methodology has been proposed to automatically account for layout in early stages of circuit design. In [7] a design style is proposed, aiming to a full-stacked layout paradigm with densely abutted transistor modules. Advantages of this style are small stray capacitances, easy characterization, improved routability and minimal area. In [8] a layout-driven performance optimization approach is described, suitable for operational ampli�ers. However, the designer is required to provide the detailed �oorplan of the layout, and the result relies heavily on the user’s expertise.

In this paper we propose a methodology for automatic generation of optimally stacked layouts in CMOS analog circuits. The optimality criterion is the minimization of a cost function weighing area, critical junction capacitances and routing length. Parasitic criticality is computed with a sensitivity analysis of the electrical performances on the circuit. Bounds on all junction capacitances are de�ned by a constraint generator [9] based on high-level performance speci�cations. In our algorithm, transistors are split into modules following a set of rules based on a pattern recognition approach. Modulesare then abutted to form stacks by a chainingalgorithm, which partitions the circuit graph into chains correspondingto the transistor stacks. The partitioning problem is known to be NP-complete. However, analog constraints are the key for an original branch-and-bound heuristic substantially reducing the computational cost of the chaining algorithm.

This paper is organized as follows. Section 2 provides an overview of our stack generation approach. In Section 3 the module splitting procedure is described. Our chaining algorithm is illustrated in Section 4, and in Section 5 the cost function driving the automatic stack generation is described. The branch-and-bound heuristic and the predictor on which it is based are described in Section 6. Experimental results are reported in Section 7.

2. AUTOMATIC STACK GENERATION Given a CMOS circuit C⇔ ⟩⊔∫ ⌋⟩∇⌋⊓⟩⊔ }∇⊣√⟨ G = {V, E} ⟩∫ ⌈⌉⊘\⌉⌈ ⊣∫ {≀↕↕≀⊒∫¬ ⟩⊔∫ ⊑⌉∇⊔⟩⌋⌉∫ ⊣∇⌉ ⊔⟨⌉ ⌉↕⌉⌋⊔∇⟩⌋⊣↕ \≀⌈⌉∫ ≀{ ⊔⟨⌉ ⌋⟩∇⌋⊓⟩⊔⇔ ⊣\⌈ ⊣\ ⌉⌈}⌉ ↕⟩\‖∫ ⊔⊒≀ ⊑⌉∇⊔⟩⌋⌉∫ ⟩{ ⊔⟨⌉ ⊣∫∫≀⌋⟩⊣⊔⌉⌈ \≀⌈⌉∫ ⊣∇⌉ ∇⌉∫√⌉⌋⊔⟩⊑⌉↕† ⊔⟨⌉ ∫≀⊓∇⌋⌉ ⊣\⌈ ⌈∇⊣⟩\ ≀{ ⊣ ⊔∇⊣\∫⟩∫⊔≀∇ ⟩\ ⊔⟨⌉ ⌋⟩∇⌋⊓⟩⊔↙ A ⌋⟨⊣⟩\ ⟩∫ ⊣ ⌋≀\\⌉⌋⊔⌉⌈ ∫⊓⌊}∇⊣√⟨ ⊒⟨≀∫⌉ \≀⌈⌉∫ ⟨⊣⊑⌉ ⌉⟩⊔⟨⌉∇ ≀\⌉ ≀∇ ⊔⊒≀ ⊣⌈|⊣⌋⌉\⊔ ⌉⌈}⌉∫↙ S⟩\⌋⌉ ⌋⟨⊣⟩\∫ ⌋⊣\ ⌊⌉ ∇⌉√∇⌉∫⌉\⊔⌉⌈ ⊣∫ ≀∇⌈⌉∇⌉⌈ ∫⌉⊔∫ ≀{ ⌉⌈}⌉∫⇔ ∫⌉⊔ ≀√⌉∇⊣⊔≀∇∫ ∫⊓⌋⟨ ⊣∫ ⊢ ⋃ ⌉/ ∐ ⋂ ⌉ ∐{^ ∐∈≃⇔ ⌋⊣\ ⌊⌉ ⊣√√↕⟩⌉⌈ ⊔≀ ⊔⟨⌉⇕↙ A\ nchain is a chain containing n edges▷ A stack of n transistors in C ⌋⊣\ ⌊⌉ ⌋∇⌉⊣⊔⌉⌈ ⟩{ ⊔⟨⌉ ⌋≀∇∇⌉∫√≀\⌈⟩\} ⌉⌈}⌉∫ ⟩\ G form an nchain▷ Every organization in stacks of the layout corresponds to a chain partition of the circuit graph namely a set P ≀{ ⌋⟨⊣⟩\∫ ∫⊓⌋⟨ ⊔⟨⊣⊔¬ p ⋂ q = ϕ ∀p,q ∈ P ⇐∞⇒ ⋃ p∈P p = E ↼2↽ where E is the set of edges in G▷ Condition ↼1↽ is the nonoverlappingcon dition that no two stacks in the layout contain the same transistor▷ Condition ↼2↽ is the covering condition that each transistor must appear in a stack▷ Notice that in every circuit at least one trivial partition P′ ⌉§⟩∫⊔∫⇔ ⊒⟨⌉∇⌉ ⌉⊣⌋⟨ ⌋⟨⊣⟩\ ⟨⊣∫ ⌉§⊣⌋⊔↕† ≀\⌉ ⌉⌈}⌉↙ T⟨⟩∫ ⟩∫ ≀{⊔⌉\ ⊔⟨⌉ ∫⊔⊣∇⊔⟩\} ⌋≀\⊘}⊓∇⊣⊔⟩≀\ ⊣⌈≀√⊔⌉⌈ ⌊† ⊣⌊⊓⊔⇕⌉\⊔↖⌊⊣∫⌉⌈ √↕⊣⌋⌉⇕⌉\⊔ ⊔≀≀↕∫ ∪∋⇔ ∞′⊎↙ S⊔⊣⌋‖ }⌉\⌉∇⊣⊔⟩≀\ {≀↕↕≀⊒∫ ⊣ {≀⊓∇↖∫⊔⌉√ √∇≀⌋⌉⌈⊓∇⌉¬ S⊔⌉√ ∞ T⟨⌉ ⌋⟩∇⌋⊓⟩⊔ }∇⊣√⟨ ⟩∫ ∫√↕⟩⊔ ⟩\⊔≀ k subgraphs Gi, i = 1, . . . , k each containing only transistors with the same bulk bias node▷ Step 2 Module splitting is performed on all transistors according to topolog ical adjacency relations and matching constraints▷ Step 3 Each subgraph is split into maximal subgraphscontaining only device modules with the same width▷ Step 4 A chaining algorithm is applied to each subgraphto determine its best ↼i▷e▷ the one minimizing the cost function↽ partition into chains▷ Stack generation is followed by a postprocessing step where all speciαca tions are checked against the constraints▷ Geometric constraints on size and aspect ratio are enforced by splitting large stacks and applying step 4 again▷ Matching constraints and parasitic bounds are enforced by abutting separate stacks by means of dummy modules▷ The role of steps 1 and 3 is to reduce the cost of the algorithm since complexity is exponential with the graph size▷ Their implementation is straightforward▷ Hence only steps 2 and 4 will be described in detail in the following sections▷

1

3▷ MODULE SPLITTING Transistors with big W/L ratio are implemented using two or more devices in parallel all with the same length but shorter width▷ The strategy adopted for automatic module splitting is based on a set of pattern recognition rules▷ Each rule detects peculiar conαgurations of transistorsand selects the devices to be split▷ The conαgurations recognized by our rules are the following▷ 1▷ Differential pairs matched cascode stages current mirrors▷ 2▷ Groups of two or more transistors with matching constraints▷ 3▷ Groups of two or more transistors with no matching constraints but topologically adjacent▷ 4▷ Transistors whose width exceedseither an userspeciαed upperbound or the maximum circuit size▷ Speciαc module splitting can be explicitly required for one or more devices▷ Patternmatching rules are applied sequentially in the order patterns have been enumerated▷ Once a transistor is split the new modules are considered as matched devices each introducing a new edge into the circuit graph▷ The remaining rules are applied to the modiαed circuit where the new modules take the place of the split transistor▷ In the case of rule 4 the large transistor width is divided by the smallest integer ensuringthe respect of the geometric constraint▷ In the other cases the width of the new modules is the Greatest Common Divider ↼GCD↽ of the widths of all the transistors involved▷ A lower bound applies based on layout rules and userspeciαed minimum device width▷ Rules are not applied if the GCD is smaller than this bound▷

4▷ THE CHAINING ALGORITHM Step 4 is implemented by an improved version of the chaining algorithm described in ♭11♯▷ First all possible chains in the circuit are generated by a dynamic programming procedure▷ Then the problem of αnding a chain partition is transformed into a clique problem ♭12 p▷194♯ and solved with the BronKerbosch algorithm ♭13♯▷ Every chain is a node for a chaingraph Gc whose edges link two nodes if and only if the corresponding chains are mutually compatible that is if they can coexist in the same partition▷ At each step of the algorithm an attempt is made to augment a strongly connected subgraph ↼or Ψstrong componentν↽ If augmentation is not possible the strong component is maximal i▷e▷ it is a clique▷ Since the nonoverlapping condition ↼1↽ is necessary for mutual compatibility every partition is a clique in Gc▷ Every clique found is checked against the coverage condition ↼2↽ to determine whether it constitutes a legal partition▷ In ♭11♯ a pairing criterion was proposed to apply this algorithm to a layout paradigm αrst described in ♭14♯ where ntype and ptype transistors are respectively aligned along parallel rows▷ However in analog circuits ntype and ptype transistors are not usually balanced in number and size as they are in standard CMOS logic gates▷ Also the order in which different devices appear in a stack is relevant since it affects parasitics matching and symmetry constraints▷ Finally because of large transconductances noise

Figure 1. a▷↽ A differential pair with transistors split into αve modules▷ b▷↽ Its circuit graph G▷

constraints and matching requirements transistors with large W/L ratios are often needed▷ Hence module splitting yields conαgurations where several devices are connected in parallel▷ Therefore the number of edges is often greater than the number of vertices and the size of the clique problem becomes huge even with small circuits▷ As an example consider the simple case of the differential pair shown in Figure 1▷ If each transistor is split into 5 modules the circuit graph has 3 nodes and 10 edges▷ If all edges were considered as distinct devices in parallel Gc would contain 65675 nodes▷ By exploiting all analog constraints such as matchings symmetries and parasitic bounds we have achieved a substantial computational speedup▷ In our algorithm we have introduced the following modiαcations▷ • C⟨⊣⟩\∫ ⌋≀\⊔⊣⟩\⟩\} ⊔⟨⌉ ∫⊣⇕⌉ ⌉⌈}⌉∫ ⟩\ ⌈⟩{{⌉∇⌉\⊔ ≀∇⌈⌉∇∫ ⊣∇⌉ ‖⌉√⊔ ⌈⟩∫⊔⟩\⌋⊔↙ H≀⊒⌉⊑⌉∇⇔ ⌉⌈}⌉∫ ⌋≀∇∇⌉∫√≀\⌈⟩\} ⊔≀ ⇕≀⌈⊓↕⌉∫ ≀{ ⊔⟨⌉ ∫⊣⇕⌉ ⊔∇⊣\∫⟩∫⊔≀∇ ⊣∇⌉ ⇕⊓⊔⊓⊣↕↕† ⟩\⊔⌉∇⌋⟨⊣\}⌉⊣⌊↕⌉↙ I\ ⊔⟨⌉ ⌉§⊣⇕√↕⌉ ≀{ F⟩}⊓∇⌉ ∞⇔ ⊔⟨⟩∫ ∇⌉⌈⊓⌋⌉∫ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ ⌈⟩{{⌉∇⌉\⊔ ⌋⟨⊣⟩\∫ ⊔≀ ∀△↙ • J⊓\⌋⊔⟩≀\ ⌋⊣√⊣⌋⟩⊔⊣\⌋⌉∫⊣∇⌉ ⌈⟩{{⌉∇⌉\⊔ {≀∇ ⌈⟩{{⊓∫⟩≀\∫ ⟩\ ⟩\⊔⌉∇\⊣↕ ⊣\⌈ ↕⊣⊔⌉∇⊣↕ √≀∫⟩⊔⟩≀\∫ ⟩\ ⊣ ∫⊔⊣⌋‖↙ A↕⊔⌉∇\⊣⊔⟩⊑⌉ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\∫ ⊣∇⌉ ⊒⌉⟩}⟨⊔⌉⌈ ⌊† ⊣ ⌋≀∫⊔ {⊓\⌋⊔⟩≀\ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⟩\ S⌉⌋⊔⟩≀\ ▽⇔ ≀\ ⊔⟨⌉ }∇≀⊓\⌈ ≀{ ⊔⟨⌉⟩∇ ⟩⇕√⊣⌋⊔ ≀\ ⌋⟩∇⌋⊓⟩⊔ ∫√⌉⌋⟩⊘⌋⊣⊔⟩≀\∫↙ • S†⇕⇕⌉⊔∇† ⌋≀\∫⊔∇⊣⟩\⊔∫ ⟩\⊔∇≀⌈⊓⌋⌉ ⊣⌈⌈⟩⊔⟩≀\⊣↕ \⌉⌋⌉∫∫⊣∇† ⌋≀\⌈⟩⊔⟩≀\∫ {≀∇ ⇕⊓⊔⊓⊣↕ ⌋≀⇕√⊣⊔⟩⌊⟩↕⟩⊔† ≀{ ⌋⟨⊣⟩\∫↙ A\ ⌉⌈}⌉ ↕⟩\‖∫ ⊔⊒≀ \≀⌈⌉∫ ⟩\ G c only if the chains involved can coexist in the same partition without necessarily violating symmetry constraints▷ By reducing the number of edges of graph G c symmetries effectively decrease the size of the clique problem▷ • P∇⌉⌋⟩∫⌉ ⇕⊣⊔⌋⟨⟩\} ⌋⊣\ ⌊⌉ ⌉\{≀∇⌋⌉⌈ ⌊† ∇⌉∐⊓⟩∇⟩\} ⌈⌉⊑⟩⌋⌉ ⇕≀⌈⊓↕⌉∫ ⊔≀ ⟨⊣⊑⌉ ⊔⟨⌉ ∫⊣⇕⌉ ⌋⊓∇∇⌉\⊔ ⌈⟩∇⌉⌋⊔⟩≀\ ⟩{ ⊔⟨⌉† ↕⊣† ⊒⟩⊔⟨⟩\ ⊔⟨⌉ ∫⊣⇕⌉ ∫⊔⊣⌋‖↙

▽↙ THE COST FUNCTION T⟨⌉ |⊓\⌋⊔⟩≀\ ⌋⊣√⊣⌋⟩⊔⊣\⌋⌉ ≀{ ⊔⟨⌉ ⌈⟩{{⊓∫⟩≀\ ∇⌉}⟩≀\∫ ↕≀⌋⊣⊔⌉⌈ ≀\ ⊣\ ⌉\⌈ ≀{ ⊣ ∫⊔⊣⌋‖ ⟩∫ }⌉\⌉∇⊣↕↕† ↕⊣∇}⌉∇ ⊔⟨⊣\ ⊔⟨⌉ ⌋⊣√⊣⌋⟩⊔⊣\⌋⌉ ≀{ ⟩\⊔⌉∇\⊣↕ ∇⌉}⟩≀\∫ ∪∞▽⇔ √√↙∞∈∃{{↙⊎↙ F≀∇ ⌉⊣⌋⟨ ⇕≀⌈⊓↕⌉ ⊒⟩⌈⊔⟨ W we denote by Cext(W ) and Cint(W ) the maximum values of junction capacitances for diffusion regions respectively in external and internal positions in the stack. Their values can be either accurately computed with SPICE simulations at the circuit operating point, or they can be upper bounds derived from a worst-case analysis. Let nj be an electrical node connected to Mj transistor modules▷ We denote by C(n j ) its total capacitance towards the substrate. If all Mj modules have the same width W the minimum possible value C(min)(nj) of C(nj ) is:

C^{(min)}(n_j ) = M_j 2 C_{int}(W ) if M_j is even M_j − ∞ ∈ C_{int}(W ) + Cext(W ) if M_j is odd. (3) If the modules have different widths, C(min)(nj ) is the sum of the capacitances computed with expression (3) for each width. The maximum possible value C(max)(nj) of C(nj ) is the capacitance due to Mj diffusions in external positions. C^{(max)}(n_j) = M_j∑

k=1 Cext(W_k) where Wk is the width of the kth module▷ These limits are used by the constraint generator PARCAR ♭9♯ to generate bounds C^{(b)} for all capacitances, in such a way that C (min)(nj ) ≤ C(b)(nj ) ≤ C(max)(nj ), and

all circuit speci↑cations are met provided all capacitances are below their bounds. Bounds are used to de↑ne a set of criticality weights for stray capacitances:

w(n_j ) = [ C^{(max)}(n_j ) − C^{(b)}(n_j) C^{(max)}(n_j ) − C^{(min)}(n_j) ] . (4)

Figure 2: a.) A transistor split in two modules. b.) Layout minimizing the capacitance of node D▷ c▷↽ Layout minimizing the capacitance of node S▷

All criticality weights are between 0 and 1▷ Weights are close to 1 for capacitances with tight bounds ↼C^{(b)} ≈ C^{(min)}). They are close to 0 for capacitances with loose bounds (C (b) ≈ C(max)). The quadratic dependence of w(n j) on C(b)(nj) matches the quadratic ↓exibility model

used by PARCAR to generate the bounds. Let si be a stack containing Mi modules of width W i▷ Its Mi + 1 diffusion regions are connected to Mi + 1 electric nodes nj, j = 1, . . . , Mi + 1. The cost of stack si is deαned as follows. Fs(s_i) = M_i+1∑

j=1 k_j(W_i) · w(n_j). (5) The position weights kj account for the different junction capacitances due to the node positions in the stack▷ If j = 1 or j = Mi + 1, then k_j = Cext(W_i)/C_{int}(W_i), otherwise k_j = 1. The cost of a partition is de↑ned as the sum of the costs of all its stacks.

As an example, consider the 2-module transistor shown in Figure 2.a and its two implementations 2.b and 2.c. Suppose the criticality weights for nodes S and D are respectively w(S) = 0.8 and w(D) = 0.4▷ Let us assume Cext/C_{int} = 1.6▷ The costs of the two stacks are. F (s_i) = { .6_{· ′}.8_{+ 1 · ′}.4_{+ 1}.6_{· ′}.8_{= 2}.96 ↼layout 2▷b↽ 1.6 · ′.4 + 1 · ′.8 + 1.6 · ′.4 = 2.08 ↼layout 2▷c↽ Solution 2▷c is 30ϱ cheaperthan solution 2▷b▷ The choicebetween partitions with the same cost can be taken based on area or matching criteria▷ If area is a critical issue routability is optimized by selecting the solution with minimum component spread▷ Otherwise matching is optimized by solutions with maximum device interleaving▷ This strategy automatically generates commoncentroidstructures when symmetry constraints are taken into account▷

6▷ THE BRANCHANDBOUND HEURISTIC Branchandbound is applied to the strong component augmenting step of the BronKerboschalgorithm▷ Let F be the cost of the cheapest clique which can be yielded by augmentation of a strong componentof Gc▷ If an estimate ⁀F of F can be provided it is possible to decide whether augmentation is worthwhile▷ If⁀F is larger than the cost of the cheapest clique found so far augmenting is not carried out and the component is discarded▷ In order to guarantee that all cheapest cliques are found ↼admissibility condition↽⁀F must be an optimistic estimate i▷e▷ it must be⁀F ≤ F ▷ In what follows we will denote by N the total number of modules in the circuit▷ Let s_i, i = 1, . . . , Mc be the stacks corresponding to the Mc chains of a strong component of Gc▷ The estimate has the following expression. ⁀F = M_c∑

i=1 Fs(s_i) + ḧ where Fs(s_i) is the cost of stack s_i given by expression ↼5↽ and^⁀h is an estimate of the cheapest combination of chains needed to complete a clique▷

Let M be the number of modules in all the stacks of the strong component▷ By the covering condition ↼2↽exactly (N −M ) edges are needed to augment the strong component to a clique. For sake of simplicity suppose that all the missing modules have the same width W ▷ The cheapest arrangement for them is one stack with (N − M − ∞) nodes in internal positions and 2 nodes in external position. Let Mj be the number of modules connected to node n j ▷ The expression of ⁀h is the following. ⁀h = (N −M+1) ∑ j=1 k̈_j · w(n_j ). (6) where k̈j is an optimistic estimate of kj ▷ The value of ⁀kj is Mj/2 if M_j is even it is (M_j − ∞)/2 + Cext(W )/C_{int}(W ) if M_j is odd▷ The predictor has no information about node positions in the stack▷ Therefore expression ↼6↽ corresponds to the stack cost deαnition ↼5↽ with all position weights equal to 1 except the ones corresponding to nodes connected to an odd number of modules▷ In fact such nodes must be connected at least to one diffusion region in an external position▷ By construction this estimate is optimistic and the branchandbound heuristic satisαes the admissibility condition▷ The generalization to the case in which modules have different widths is straightforward▷ The cheapest implementation is a layout with one stack for each value of width and ⁀h is the sum of the costs of such stacks each computed using expression ↼6↽▷

7▷ IMPLEMENTATION AND RESULTS The algorithm described in this paper has been implemented in about 4000 lines of C code▷ In what follows CPU times are referred to a SparcStation 2 IPX▷ The OTA folded cascode of Figure 3▷a was constrained by speciαcations on unitygain bandwidth phase margin and lowfrequencygain and by a set of symmetry constraints▷ The largest chaingraph after Step 3 has 1756 nodes and 50191edges▷ On this graph the unconstrainedclique problem is so large it couldnφt be solved with the computing resources available to us as all storage capabilities were exceeded after several hours of computation▷ With symmetry and matching constraints it was reduced to 426 nodes and 899 edges and solved with the branchandbound heuristic in 2▷6 CPU seconds▷ Each of the 8 solutions found contains three 10chains▷ In particular the partition shown in Figure 3 with maximum module interleaving is the same obtained by hand by an experienced designer▷ The OTA shown in Figure 4▷a is a more complex example where the bias generator is to be integrated with the ampliαer▷ More than 2500 minimum cost partitions were foundin 8 secondsof CPU▷ One of them with maximum

Figure 3. a▷↽ Schematic of an OTA▷ b▷↽ One of the 8 partitions found equal to the handmade solution▷ matchedcomponent spread and common centroid placement for the differ ential pair is shown in Figure 4▷b▷ In all our tests the branchandbound algorithm based on analog con straints has proven very effective in keeping the clique problem within reasonable size▷ So far the range of practical applications of our approach has not been limited by the nonpolynomialcomplexity of the clique solver▷

8▷ CONCLUSIONS An algorithm for maximally stacked layouts in CMOS analog circuits has been presented▷ With standard graph techniques analog constraints on symmetry and matching provide a key for heuristics substantially reduc ing the computational complexity of the algorithms used▷ The approach always αnds a solution minimizing a cost function weighing all junction capacitances▷ Combined with sensitivity analysis and automatic constraint generation this algorithm provides a suitable performancedriven approach to analog layout module generation▷ Future research will be aimed to the development of a layoutdriven optimization methodologyfor circuit sizing▷ The algorithm describedin this paper can be effectively used to evaluate thequality of layout implementation for automatic circuit design▷

ACKNOWLEDGEMENTS The authors wouldlike to thankAndrχe Slenter ↼Philips Research↽ JohnCohn ↼IBM Corp▷↽ and Edoardo Charbon↼University of California Berkeley↽ for many discussions and for their expert advice on layout and CAD topics▷

REFERENCES ♭1♯ M▷ G▷ R▷ Degrauwe et al▷ ΨTowards an Analog System Design En vironmentν IEEE Journal of Solid State Circuits 24.3 pp▷ 659δ671 June 1989▷ ♭2♯ S▷ W▷ Mehranfar ΨA TechnologyIndependent Approach to Custom Analog Cell Generationν IEEE Journal of Solid State Circuits 26.3 pp▷ 386δ393 March 1991▷

♭3♯ J▷ M▷ Cohn D▷ J▷ Garrod R▷ A▷ Rutenbar and L▷ R▷ Carley ΨKOAN◁ANAGRAM II. New Tools for DeviceLevel Analog Place ment and Routingν IEEE Journal of Solid State Circuits 26.3 pp▷ 330δ342 March 1991▷ ♭4♯ H▷ Chang et al▷ ΨA Topdown ConstraintDriven Design Method ology for Analog Integrated Circuitsν in Proc▷ CICC pp▷ 841δ846 May 1992▷ ♭5♯ R▷ Harjani R▷ A▷ Rutenbar and L▷ R▷ Carley ΨAnalog Circuit Syn thesis for Performance in OASYSν in Proc▷ ICCAD pp▷ 492δ495 November 1988▷ ♭6♯ H▷ Y▷ Koh C▷ H▷ Sχequin and P▷ R▷ Gray ΨOPASYN. A compiler for CMOS operational ampliαersν IEEE Trans▷ on CAD 9.2 pp▷ 113δ 126 February 1990▷ ♭7♯ U▷ Gatti F▷ Maloberti and V▷ Liberali ΨFull Stacked Layout of Ana logue Cellsν in Proc▷ ISCAS pp▷ 1123δ1126 1989▷ ♭8♯ H▷ Onodera H▷ Kanbara and K▷ Tamaru ΨOperationalAmpliαer Compilation with Performance Optimizationν IEEE Journal of Solid State Circuits 25.2 pp▷ 466δ473 April 1990▷ ♭9♯ U▷ Choudhury and A▷ SangiovanniVincentelli ΨConstraint Genera tion for Routing Analog Circuitsν in Proc▷ DAC pp▷ 561δ566 June 1990▷ ♭10♯ E▷ Charbon E▷ Malavasi U▷ Choudhury A▷ Casotto and A▷ SangiovanniVincentelli ΨA ConstraintDriven Placement Method ology for Analog Integrated Circuitsν in Proc▷ CICC pp▷ 2821δ2824 May 1992▷ ♭11♯ S▷ Wimer R▷ Y▷ Pinter and J▷ A▷ Feldman ΨOptimal Chaining of CMOS Transistors in a Functional Cellν IEEE Trans▷ on CAD CAD 6.5 pp▷ 795δ801 September 1987▷ ♭12♯ M▷ R▷ Garey and D▷ S▷ Johnson Computers and Intractability W▷ H▷ Freeman ς Co▷ New York 1979▷ ♭13♯ C▷ Bron and J▷ Kerbosch ΨAlgorithm 457 Finding all cliques of an undirected graphν Comm▷ ACM 16.9 pp▷ 575δ577 Sep▷1973▷ ♭14♯ T▷ Uehara and W▷ M▷ vanCleemput ΨOptimal Layout of CMOS Func tional Arraysν IEEE Trans▷ on Computers C30.5 pp▷ 305δ312 May 1980▷ ♭15♯ N▷ Weste and K▷ Eshraghian Principles of CMOS VLSI Design Ad dison Wesley Reading MA 1985▷

Figure 4. Schematic of an OTA▷ b▷↽ One of the partitions found▷