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Abstract—Analog layout design is still primarily reliant on
manual efforts. Current fully automated workflows are unable
to meet the expectations for flexible customization and are incom-
patible with existing manual workflows. For both performance
and productivity, interactive layout editing has the ability to
bridge the gap between manual and automated flows. We present
an interactive layout editing system in this study that includes
well-defined commands for both placement and routing cus-
tomization. This is a pioneering work that provides a holistic
study on the interactive design methodology for analog layouts
and its capability of speeding up design closure. Our frame-
work comes up with the instant placement legalization and
routing adjustment mechanism for rapid layout update and
modification. The framework is capable of handling real-time
user interaction and improving the performance of fully auto-
mated layout generators verified by post-layout simulation on
real-world analog designs. Experimental results demonstrate the
performance enhancement on real-world analog designs with only
a few editing commands. As examples, on the low-dropout reg-
ulator, our framework can reduce the overshot down and up
voltage to nearly 1/3 of layout generated by automation tool with
two editing commands, and on the operational transconductance
amplifier, it achieves 33.5% better common mode rejection ratio
with only one command.

Index Terms—Analog CAD, analog integrated circuits, physical
design, placement, routing.

I. INTRODUCTION

NALOG layout design is primarily reliant on manual
efforts. Designers or layout engineers create device loca-
tion and wire routing based on their design experience, taking
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into account symmetry, matching, signal flow, and other con-
straints. However, as design complexity and design rules
get more difficult, their productivity and design closure are
severely impacted. To speed up the analog design flow, layout
automation tools are required.

Fully automated analog layout tools, such as
ALIGN [1], [2] and MAGICAL [3]-[5], have recently
been presented. With the goal of creating an end-to-end
analog layout design flow without a human in the loop, they
use machine learning and analytic algorithms to automatically
build analog layouts from circuit netlists [6]-[9]. Typical
stages in these frameworks include constraint generation that
extracts layout constraints from netlists, analog placement
that determines the positions of devices, and routing that
connects devices in the layout. These fully automated layout
generation processes follow the no-human-in-the-loop con-
cept, completing layout synthesis with “one-button-click” and
without expecting any intermediary human involvement.

Although generating layouts automatically can greatly
reduce prototyping time and give acceptable initial solu-
tions for certain circuits, it is difficult to obtain widespread
acceptance in the short term for the reasons listed as
follows.

1) New analog circuit topologies are quickly developing. It
is insufficient for a fully automated analog design flow
to meet various customization requests.

2) Analog designers have their own styles to draw layouts.
For example, two designers can arrange the same circuit
in very different ways based on their individual expertise
and taste, which is difficult to apply in a fully automated
design flow.

3) Layouts created by a fully automated design flow,
such as the example in Fig. 1, can be counterintu-
itive to designers, resulting in difficulties in post-silicon
debugging or tape-out failure.

As a result, fully automated layout generation alone is insuf-
ficient to meet the needs for A faster analog design closure.

We make the following observations after investigating the
workload and working routines of the designers.

1) Designers tend to visually inspect and try various layout

drawing strategies before making a final decision.

2) Designers are often reluctant to take the risk of trying
unfamiliar layout topologies.

3) Cleaning design rule violations consumes a large amount
of time.
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Fig. 1. Layouts for an OTA design. (a) Manual solution is very different
from (b) tool solution [3].

In other words, designers want a tool that can help them
increase their productivity while maintaining complete con-
trol over the layout design process. Therefore, interactive
layout editing can be a promising solution for bridging the
gap between the expectations of designers and the existing
fully automated analog design flows. With such observations,
we present an interactive analog layout editing framework in
this work, to speed up the design closure and boost the pro-
ductivity of layout drawing. Early analog layout automation
tools require users’ interaction with manually written specifi-
cations [10]-[12]. Different from those semiautomation works,
our framework leverages the power of interactively editing the
layout. The goal of this framework is to liberate designers from
tedious design rule fixing and allow them to concentrate on
designing layout topologies. Meanwhile, we retain the ability
to fully customize layout designs.

The main contributions of this work are summarized as
follows.

1) We propose an interactive analog layout generation
framework supporting fast layout editing. We provide
instructions for global perturbation and local adjustment,
allowing for both topological editing and fine-grained
customization.

2) We propose an instant legalization technique with lin-
ear time complexity for incremental placement updating,
allowing real-time interactivity based on user input
instructions. Experiments on legalization validate the
capability of efficient placement editing and reducing
the turn-around time of the layout design.

3) We propose routing kernels that can realize versatile
interactive routing adjustments, such as spacing editing
and topology adjustment.

4) Experiments on real-world analog designs show the
capability of our framework to improve the post-layout
simulation performance with simple commands.

The organization of this article is listed in the following.
Section II presents the limitation of fully automated ana-
log design flows and the basic idea of interactive analog
layout editing. Section III illustrates the layout editing pro-
cedure. Section IV explains the instant legalization technique
in detail. Section V introduces the critical algorithms involved
in interactive routing. Section VI validates the effectiveness of
the proposed interactive layout editing framework. Section VII
concludes this article.

II. PRELIMINARIES

In this section, we discuss the problem formulation and
background of our work.

A. Fully Automated Layout Synthesis

A fully automated analog layout design flow targets end-to-
end layout generation without any human involvement in the
loop. The automated flow regards circuit netlists and technol-
ogy libraries as input, and layout solutions with placement and
routing as outputs. The automated flow defines optimization
objectives and converts the layout generation problem to a
constrained optimization problem. For instance, the automated
flow detects symmetry or matching constraints to assist with
placement and routing.

As a universal analytical objective is hard to be defined,
generating a stable and high-performance layout within an
end-to-end flow is still a challenging problem. There are works
abstracting designers’ experience from manually drawn lay-
outs, such as ALIGN and MAGICAL [1], [3]. These works
incorporate machine learning techniques into constraint detec-
tion. These works show good efficiency in generating layout
solutions for several specific analog circuits, but still, need
further refinement for a wider application of analog designers.

B. Interactive Analog Layout Editing

Interactive analog layout editing approaches the layout gen-
eration problem in an orthogonal but complementary way to
the fully automated methodology. Layout editing employs an
automated layout tool to generate the initial layout and engages
designers in customizing the layout. Layout editing abstracts
the topology from the layout and offers high-level control over
the layout. We leave the low-level legalization and design rules
fixing to automation algorithms. The interactive layout editing
flow exports the final layout solution in GDSII format when-
ever the designers are satisfied with the layout result. The
methodology of layout editing bridges the gap between the
performance of existing automated layout tools and designers’
expectations through an efficient interactive process.

This work focuses on interactive layout editing for analog
designs. We formulate the problem as follows.

Problem 1 (Interactive Analog Placement Editing): Given
an initial analog layout as input, define a set of commands and
an interactive framework for users to efficiently edit the layout
topology with the commands. The set of commands should be
able to achieve any topological changes.

The goal is to enable designers to make progressive modi-
fications to the layout topology with sequential commands. In
order to interact with designers, we need a real-time legaliza-
tion backbone to update the layout giving input commands.
We formulate the problem as follows.

Problem 2 (Interactive Analog Placement Legalization):
Given an input analog placement solution, constraint graphs,
and layout constraints, legalize the placement subjecting to
the constraints with minimum perturbation to the layout and
minimum runtime.

In the same way as placement editing, we formulate the
problem of interactive routing editing.
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Problem 3 (Interactive Analog Routing Editing): Given a
legalized placement solution, routing constraints, and com-
mand sequence for routing adjustment, modify the routing
topology subjecting to both existing constraints and newly
added constraints efficiently.

C. Analog Placement

Analog placement is closely related to layout editing.
Previous researches consider enhancing how to represent ana-
log placement [13], including using B*-tree [14], [15], and
O-tree [16]. These researches often leverage heuristic search
techniques like simulated annealing for high-quality place-
ment results [17]. Other works share a similar idea with
the analytical placement of digital circuits. Digital place-
ment utilizes quadratic or nonlinear optimization to placement
problem [18]-[22]. Some analog layout frameworks utilize
analytical optimization to solve the analog placement [3], [9].
Recent works explore layout constraint detection with deep
learning methods [6], [7]. Also, some works attempt to predict
performance for optimizing placement [8], [23], [24]. Another
line of work pays attention to generating layout with proce-
dural form [25]-[27]. Although the prior works can produce
silicon results, users are required to write a substantial amount
of codes, which limits the application to brand new designs.
Taking the advantages and limitations of previous works
into consideration, we propose the interactive layout editing
scheme to serve as an intermediary between procedural pro-
cess and automated layout generation. The interactive layout
editing supports visualization of layout and comprehensive
customization.

Constraint graph is another mainstream method to repre-
sent the topology of analog layout [28]. Constraint graph
describes a placement topology with two parts: 1) a hori-
zontal constraint graph (HCG) and 2) a vertical constraint
graph (VCG). The HCG and VCG are two directed acyclic
graphs (DAGs). The HCG and the VCG specify the relative
positions in the horizontal direction and in the vertical direc-
tion, respectively. For example, if a device u locates directly
right to another device v, there will be a corresponding edge
from vertex v to u in the HCG. Previous works explore variants
of constraint graph for versatile layout constraints and layout
dependent effects [29]-[31]. We propose a novel layout topol-
ogy representation with one unified directed graph based on
the constraint graph. It is worth noting that our layout edit-
ing scheme works with different types of layout representation
methods.

D. Analog Routing

Analog routing is a critical concern in the layout editing
process and has become increasingly complex as technol-
ogy nodes advance. Most studies are devoted to handling
various routing constraints. A number of studies focus on
routing symmetry constraints, such as the symmetric net
pair constraint [32]-[35], multilevel geometrical matching
constraint [36], [37]. Recent works make efforts on design-
rule-aware routing to handle end-of-line spacing and parallel

run length constraint [38]. Although several state-of-art stud-
ies have made promising progress in diminishing the gap
between manual and automated layouts, such as ALIGN [1],
MAGICAL [3], etc., routing solutions given by the fully
automated tools still cannot integrate designers’ expertise in
practice. Based on such observations, we propose interactive
routing which allows users to adjust routing solutions given
by automated tools with simple commands. Interactive rout-
ing combines the basic constraints and the expertise of analog
designers to guide routing algorithms, which can bridge the
gap between automated tools and designers’ requirements.

III. INTERACTIVE LAYOUT EDITING

In this section, we elaborate the interactive layout editing
workflow in detail.

A. Interactive Layout Editing Workflow

Fig. 2 illustrates the software architecture of our interactive
analog layout editing tool. We provide both command interface
and GUI interface in the frontend, aiming to perform real-time
interaction and display analog layout. We encode operations
on the interface as commands. We leverage the automatic ana-
log layout tool MAGICAL [3] to generate the initial layout
results displayed in GUI interface for users. The interactive
layout editing consists of two stages, interactive placement,
and interactive routing. The automated analog flow gener-
ates an initial routing solution with the placed layout which
is produced by interactive placement. Through the command
interpreter, the commands entered by users will be inter-
preted to either internal placement or routing operations for
interactive placement and interactive routing, respectively. We
implement the internal operations to update our data depiction
which contains constraint graph, constraint set, and cell place-
ment information. The routing solutions are updated by the
routing operations directly with local adjustments. If the user
requires a legalized placement, the legalization procedure will
be performed extremely rapidly by legalizer in the feedback
phase, so that the users obtain the legalized layout placement
displayed on the interactive interface instantly.

B. Placement Editing Commands

The user is likely to be unsatisfied with the primary place-
ment outcome generated by a fully automatic tool and desire
flexibility to adjust the placement results due to their expe-
rience. We present a concise and extensible command set.
The user is able to use a sequence of commands to describe
the demands. Two major types of commands are supported:
1) fine-grained topology-related commands and 2) coarse-
grained constraint-related commands. Table I illustrates six
commands for interactive placement editing. Fined-grained
commands includes move, spacing, resize, and swap
which interoperate with the topology or geometry of the place-
ment. Command arrayAdd introduces an array constraint
that aligns the devices, as well as command symAdd intro-
duces a symmetry constraint that enforces symmetric locations
of devices. In line with expectations, the commands constitute
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Fig. 2.  Workflow of layout editing.
TABLE I
INTERACTIVE COMMAND SET
Command Parameters Description
move device v;, destination location (z,y) move a device to a destination location
spacing devices v, v;, spacing width W add spacing between devices
resize new shape w, h change the shape of a device
Placement - i
swap devices v;, v; swap two devices
arrayAdd a list of devices v; add array constraint
symAdd devices v;, v;, symmetry axis Ay add symmetry constraint
remove net n; remove wires of a single net
reroute net n; route a single net
wireWidth wire w; of net n;, new wire width W set wire width
Routing wireSpacin wire w; of net n.,, wire w; of net n¢, spacing width S | adjust spacing between two wires
p 9| wire w; of net npm,, device v;, spacing width S adjust spacing between a wire and a device
netPriority | a list of nets n; with their priorities designate routing priority for nets
netTopology | net n;, rough guide with points p; set topology for particular net

a comprehensive set for layout placement editing, i.e., for arbi-
trary two topologically distinct layouts L; and L;, we are able
to find a command sequence converting L; to L;. The command
sequence is usually concise.

C. Routing Editing Commands

As the performance of analog design can be sensitive to
routing, it is hard for automatic tools to encode all the con-
straints explicitly into routing algorithms. To support flexible
routing adjustments, we design routing commands for both
wire-level and net-level adjustments, where a wire is a segment
of a net and a net consists of multiple wire segments. Table I
provides six commands for routing. Command remove and
reroute provide straightforward manipulation for routing
of a net. Command wirewidth assigns a new wire width.
Command wireSpacing adjusts the spacing between two
designated wires or between a wire and a device. Command
netPriority modifies the routing priority of nets such that
designers can specify to route critical nets first. Command
netTopology further allows designers to specify rough
routing topologies for nets and the routing algorithm will
generate solutions following the topology guidance.

D. Command Interpretation

The layout is maintained in an internal representation
including the constraint graph as well as a constraint set. All
of the defined previously placement commands can be imple-
mented with a sequence of internal operations. We identify a
group of standard internal placement operations on the con-
straint graph: {Insert, Remove}, which is similar to the
command set. Take command swap as example. Command
swap is implemented for swapping the locations of two
devices v;, v; with {Insert(v;, pj), Remove(v;), Insert(v;,
pi), and Remove(v;)} on the constraint graph, where p; and p;
are the former locations of v; and v;. If a vertex v; is inserted to
the position v; being removed, the Insert operation will query
the vertices adjacent to v; originally and determine the new
edges for vertex v;.

Each routing command is converted into combinations of
routing operations, such as {remove_wires, reroute,
add_route_obstacle, route_with_guide}.
Operation remove_wires removes a group of wires
for new routing. Operation add_route_obstacle sup-
ports to insert an obstacle region for routing. Note that
when combined with other operations, the magnitude of the

Authorized licensed use limited to: Peking University. Downloaded on July 03,2025 at 06:33:35 UTC from IEEE Xplore. Restrictions apply.



702 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 42, NO. 3, MARCH 2023

TABLE II
NOTATION
Symbol Description
L layout
elNel horizontal/vertical constraint graph
G™ mixed constraint graph
{(As, P)}Yiz1,. & symmetry axes with pair groups
{Bi}izl,myt blocks
brl prr pub pyt left, right, bottom and top boundaries
N; routing area node
n; routing net
P; coordinate of routing area node
GP; segement of the routing path
{GP;} whole routing path

obstacle is automatically computed to satisfy the design rules.
Operation reroute implements A-star-based rerouting for
a net. Operation route_with_guide performs routing
following a sketchy topology guidance. A routing operation
can be used in conjunction with other operations to imple-
ment a routing command. For instance, the routing command
wireSpacing will be interpreted to remove_wires of
the two involved wires, add_route_obstacle to ensure
the new spacing between wires, and reroute for rerouting.

IV. INSTANT LEGALIZATION

In real-world application scenarios, the users execute com-
mands and perform legalization constantly, so the legalization
process is ought to be fast and consistent enough to make
sure that users are able to see reliable legalized placement
results instantly. In this section, we elaborate on the implemen-
tations of our linear-time legalization algorithm in detail. First,
we outline the framework of our legalizer in Section IV-A.
We then propose an innovative placement topology repre-
sentation method, called the mixed constraint graph (MCG),
in Section IV-B. The MCG data structure is the founda-
tion of our algorithm, which supports the internal operations
aforementioned in constant time O(1) and placement legal-
ization in linear-time O(n) (n is the number of devices of the
analog circuit). The primary algorithm includes a layout par-
titioning technique and a topological sort-based legalization
scheme outlined in Sections IV-C and IV-D, respectively. A
succinct analysis of temporal complexity is demonstrated in
Section IV-E. Readers can consult Table II for notations.

A. Legalizer Overview

The proposed legalizer can deal with both flat circuits and
hierarchical circuits. We demonstrate the legalization flow for
a flat circuit in Algorithm 1. It is simple for the flow to be
extended to hierarchical circuits by tackling the circuit hier-
archy from the bottom up. When dealing with hierarchical
circuits, the legalization procedure starts from the leaf-level
subcircuits in the circuit hierarchy tree. At the leaf-level, the
legalizer takes the device-level constraint graph and device
symmetry groups as inputs as well as implements legalization
instantly inside each subcircuit. We consider the child sub-
circuits as cells and duplicate the legalization process for a
higher level subcircuit.

Algorithm 1 Instant Legalization

Input: initial constraint graphs G" and G”, symmetry axes
with their corresponding symmetry pair groups {(A;, P;)}

Output: legalized layout L

. for A;, P; in {(A,',Pi)} do

traverse P; and update boundary (b;d by bly b, bly t)

: end for

. Blocks {B;} <PartitionLayout{(b¥, b, b*?, b))

: construct global mixed constraint graph G™

: for B; in {B;} do

do topo-sort based legalization inside B;

: end for

: do topo-sort based legalization on G

N-J= - O NV SR

Algorithm 1 outlines three-step legalization. Partitioning the
layout into blocks based on constraint groups is the first step
(lines 1-3). We are capable of dealing with multiple constraint
types including symmetry constraint, matching constraint, and
array constraint, and we take symmetry constraint as an exam-
ple in this article. A symmetry axis A; and a symmetry group
P; is necessary for each symmetry group. Symmetry group P;
is made up of a series of symmetry pairs (c;, ¢j), where ¢;
and ¢; are cells (we broaden the meaning of “cell” to indi-
cate a device or a subcircuit in hierarchical circuits if not
specially mentioned). We are able to traverse the cells ¢; in
the particular group to get the boundaries in four directions
xl, xr, yb, and yt (left, right, bottom, and top) (lines 1 and
2) according to the given symmetry groups {(4;, P;)}. We
then partition the layout into grids by inserting virtual lines
as well as merging the grids relevant to the same symme-
try group into a single block (line 3). We will have more
in-depth discussions in Section IV-C. We depict the topology
between blocks as an MCG G™ (line 4). The MCG will be
introduced in Section IV-B. The following step is to perform
placement legalization for each block with a topological-sort-
based method depicted in Section IV-D (lines 5 and 6). After
all blocks are successfully legalized, we implement a similar
but coarse-grained method to mixed graph G™. Finally, we
obtain a legalized layout L without overlaps.

B. Mixed Constraint Graph Representation

We deduce MCG from the constraint graph representation
depicted in Section II-C. The MCG is made up of HCG and
VCG. We are able to obtain the MCG G = (V,E" U E")
according to the given a HCG G" = (V,E") and a VCG
G" = (V,E"). Fig. 3 illustrates exactly how we extract the
MCG from a layout.

Note that G™ is a heterogeneous graph; namely, G includes
two distinct types of edges: 1) horizontal constraint edges
(HCEs) from G and 2) vertical constraint edges (VCEs) from
G". Between MCG and the pair of HCG, VCG there exists a
one-to-one correspondence. Since each legalized layout can be
distinctively depicted as a combination of a horizontal graph
and a vertical graph, we are able to represent the layout in a
particular MCG.
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(a)
Fig. 3. MCG with HCEs and VCEs. (a) Example placement.

(b) Corresponding MCG.

1) Topological Sort on MCG: The MCG not only main-
tains the information from the original constraint graph but
also introduces a new property with topological sort.

The topological sort generates a linear ordering S of vertices
in V for a directed graph G = (V, E). If there is a directed
edge (u, v), then vertex u appears before vertex v in ordering
S. If we consider the edges as dependencies between vertices,
then topological sort guarantees an order that no vertex is
dependent to its subsequent vertices. For instance, the topo-
logical order of the MCG shown in Fig. 3(b) can be given
as § = {wm,v1,vs5,v3,14}. If we move a vertex v; toward
the up right direction, the movement does not affect any ver-
tices before v; in S. Due to this distinctive property, we can
design an algorithm that only traverses every particular cell
once and computes their legal positions without backtracking.
The detail of the topological-sort-based algorithm is discussed
in Section IV-D.

The proposed algorithm requires that there exists a topo-
logical ordering for the MCG. Since MCG is a DAG and it
is known that any DAG has at least one topological ordering,
Theorem 1 holds.

Theorem 1: Any MCG has
ordering.

Proof: 1If a directed graph has no circle, then for any two
vertices v;a and v; of the graph, path from v; to v; and path
from v; to v; will not exist at the same time. Hence, for any two
vertices in a DAG, there always exists an order without contra-
diction. Therefore, we only need to prove that MCG contains
no circle. Assume that there exists a circle {vi,..., v, vi}
in an MCG. Consider the center location (x,,,yy,,) of vi.
There must exist at least an HCE or a VCE in the circle,
so we get either x,, < x,, or y,, < yy,, which leads to a
contradiction. ]

at least one topological

C. Layout Partitioning Technique

We partition the layout according to the symmetry constraint
groups. In other words, we break the legalization problem into
subproblems for each particular symmetry constraint group.
Fig. 4 illustrates a layout partitioning example with only two
symmetry groups.

Algorithm 2 demonstrates the layout partitioning procedure
in detail and shows a slicing line scheme. As aforementioned
in Section IV-A, the boundaries (b*, b, b"?, b"") are cal-
culated and transferred to this step. First, we sort the four
boundary arrays in ascending order (line 11). Then, we apply
a slicing rule to x and y directions, respectively (line 12).

. Intra-Block Legalization
Layout Partitioning

Block B; Topo Sort
Symmetry Group (4;, P; :

move upward

yb

Lob
Slice Line ot
i

move left . move symmetrically,

Vi

. :
cell moving .
Sym Axis A;
—

topo sort order

Fig. 4. Layout partitioning and intrablock legalization.

Algorithm 2 Layout Partitioning

Input: boundaries b, b, b?, b of symmetry groups
Output: partitioned layout blocks {B;}

1: function ADDSLICELINE(by, by)

2 i<0,j«<0

3 while i 2 m do

4 while b[j] < by[i] do

5: jej+1

6 end while

7 if b1[j] < b2[i + 1] then

8: AddLine(b1[j] + balil)/2
9: end if
10: i< i+1

11: end while

12: end function

13: function PartitionLayout(b, bbb, p")

14: Sorth', sorth™, Sorth’’, Sorth”

15: AddSliceLineb", b, AddSliceLineb’®, b
16: traverse slice lines and get slices grids

17: construct blocks {B;} from sliced grids

18: end function

Take x-direction as an example. If 5[i] is less than H"[j]
and there is no other boundary value between b [i] and b*[j],
we add a vertical slicing line in the middle of »*[i] and b [7]
(lines 1-8). In the example of Fig. 4, as the bottom bound-
ary blyb of symmetry group (A;, P;) follows the top boundary
b}” closely, i.e., no other boundaries between them, we add a

horizontal slice line between )" and bfh

With the slicing lines inserted, the layout is divided into
virtual grids. The grids relative to the same symmetry group
are clustered into one block. The grids independent of symme-
try groups are directly constructed as blocks. As depicted in
Fig. 4, in the block B; with symmetry group (4;, P;), there are
several cells not belonging to P;. For constraint groups other
than the symmetry constraint mentioned here, the divide and
conquer methodology is still valid.

D. Topological-Sort-Based Legalization

We propose an efficient topological-sort-based legalization
strategy. Algorithm 3 sketches the procedure of the symmetry-
aware legalization leveraging a two-fold topological sort. As
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Algorithm 3 Topological-Sort-Based Legalization
Input: MCGs G}*, G
Output: Legalized block

1: function TopSortLegalizer(G}', G)

2: Q) < empty queue, O, < empty queue
3: in-degree inj, in,

4: push v with 0 in; (or in,) into Q; (or Q,)
5: while Q; # @ do

6: v| < Qj.pop_front

7: update location of v;

8: for each v adjacent to v; do

o: in[v] < ing[v] — 1

10: if in;[v] = O then

11: Q;.push(v)

12: end if

13: end for

14: if v; in a symmetry pair (v;, v,) then
15: while u, # v, do

16: uy < Qy.pop_front

17: update location of u,

18: for each u adjacent to u, do
19: in(u] < in,[u] — 1

20: if in,[u] = O then

21: Qy.push(u)

22: end if

23: end for

24: end while

25: update location of v;, v, symmetrically
26: end if

27: end while

28: while O, # @ do

29: vy < Qr.pop_front

30: update location of v,

31: for each v adjacent to v, do

32: iny[v] < in,[v] — 1

33: if in,[v] = O then

34: QO;.push(v)

35: end if

36: end for

37: end while

38: end function

Fig. 4 illustrates, for an MCG G}" of a block with a symmetry
axis, this axis separates the block from the middle in geom-
etry and at the same time split the MCG into two subgraphs
(the subgraph left to the axis and the other subgraph right to
the axis for such a vertical symmetry axis). We can regard
the legalization as a process of dispersing the devices outward
from the symmetry axis and, meanwhile eliminating the over-
laps. Considering that an HCE of MCG indicates a geometry
constraint in the positive direction of the x-axis, we want the
constraint edge to denote the direction away from the symme-
try axis. Therefore, we mirror the subgraph of MCG left to the
symmetry axis; i.e., we reverse the direction of HCEs (every
HCE switches its head and tail). Let the mirrored left sub-
graph of MCG be G} and the subgraph right to the symmetry

axis be G'. We maintain a queue of vertices that have zero
in-degrees for each MCG. At each step, we take one vertex v;
out of the queue Q; (line 6) and check all the incoming edges
{(u, v;)} for vertex v;. A horizontal edge (u, v;) represents that
vy is left to u and a vertical edge represents that v; is above
u. We then move v; to min{x, — (w,, +w,)/2} in the x direc-
tion, ensuring v; satisfies the horizontal constraints {(u, v;)}.
We only move v; to the left and move v; upward for overlap
removal. For V3 in the example of Fig. 4, we move it to the
left and upward to remove the overlaps with V| and V5.

When the traversal reaches v; that is in a symmetry pair
(vi, vr), the legalizer performs a similar traversal on G to
reach v, (lines 13-19). We set symmetric and legal loca-
tions for v; and v,, meaning that the distance to symmetry
axis is max{|xays — Xy, |, |%y, — Xaxis|} and the y coordinate is
max{y,,, y»,} (line 20). We also move V4 to a symmetrical
location with V3 in Fig. 4. After legalizing some vertices v,
we decrease the in-degrees of every vertex u with directed
edge (v, u) and push the vertex to the corresponding queue if
its in-degree goes to zero. The algorithm continues until the
two queues Q; and Q, become empty.

Assume that we have the topological orders S; for G* and
S, for G*. §; and S, preserve the order for symmetry groups,
as claimed in Theorem 2. This property guarantees that the
traversals of two MCGs can be synchronized without skipping
any vertices of another MCG.

Theorem 2: For two symmetry pairs (u;, v;) and (u;, v;), if
u; appears before u; in a topological sort of G}", then v; appears
before v; in any topological sort of G}'.

Proof: Assume that there are two symmetry pairs (u;, v;)
and (u;, v;) that u; appears before u; but v; appears before v;
in topological sort of G}" and G}'. As u; appears before u; in
topological sort of G}, u; is left and up to u;. Similarly, v; is
right and up to v;. As u; and u; have the same y-coordinate, v;
cannot be up to v;. Consider the x-coordinate Xy, of the sym-
metry axis. #; and v; is symmetric about the symmetry axis,
which indicates x,; + x,; = 2xsym. We have x,; + x,; = 2Xsym
and Xy + Xy, = 2Xsym, SO v; cannot be right to v;. The contra-
diction means that the topological sort preserves the order of
symmetry pairs in G™. |

E. Time Complexity Analysis

We now analyze the time complexity of the legalization
algorithm. We show that the time complexity of Algorithm 1
is O(n), where n is the number of devices of the analog cir-
cuits. First, the layout partitioning stage is O(n). Suppose
we have k symmetry groups. The slicing lines divide the
layout to O(k?) nonempty grids. As the number of grids is
always much smaller than the number of devices n, O(k?) is
bounded by O(n). The sorting process is O(klogk) (line 11
of Algorithm 2). Adding slicing lines only scans the bound-
aries once (line 12), which is O (k). Building blocks and MCG
requires a traversal of all grids (lines 13 and 14), which is
O(k?). Thus, the first part (lines 1-4 of Algorithm 1) is O(n).
The topological-sort-based legalization is O(ng), where np
is the number of devices in block B. The time complex-
ity of topological sort on graph G = (V,E) is O(|V| +
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Fig. 5. Example for Lemma 1.

|E]). To demonstrate the linear time complexity, we have a
nice property shown in Lemma 1 for MCG, and eventually,
Theorem 3 summarizes the overall time complexity.

Lemma 1: For an MCG G™ = (V, E), |E| is O(|V]).

Proof: We give the proof in the case of the number of HCEs.
If there is a horizontal edge from vertex u to v, then the cor-
responding device v is right to device u directly. To prove that
|E| is O(]V]), we sort the bottom and top y-coordinates of
all devices and we get a sequence of 2|V| coordinates. Fig. 5
gives an example. The left figure of Fig. 5 is the layout exam-
ple of three devices. To illustrate that the number of HCEs is
bounded by the number of devices, we show a special property
of the ordering of y-coordinates in the right figure of Fig. 5.
We sort the y-coordinates (abbreviated to y-coords) of the three
vertices {v, v2, 13}, and we can represent their y-coordinates
with {0 : 35,1 : 90,2 35,3 34,4 1 4,5 : )4}, The three
devices can be represented as the corresponding line segments
in the right figure. For example, the line segment of device v;
starts with 1 and ends with 4, which means the bottom y’l’ of
device v; ranks 1 of the y-coords. The MCG of this example
has three HCEs: 1) (v1, v2); 2) (v1, v3); and 3) (v, v3). Taking
device v, for instance, there exists an HCE (v, v») because yg
is between yll’ and y|. Draw a horizontal line crossing the bot-
tom point of each line segment, and we get intersections with
at most two other line segments. The number of HCEs related
to device v» equals the number of the intersections between
the dotted line (y = ylz’) and other vertical line segments (v
and v3). As dotted lines of a specific device and intersections
portray which device has direct left-to- or right-to- relationship
with this device, the number of total horizontal edges equals
the number of all those intersections. Therefore, |E| is O(|V])
for an MCG. |

Theorem 3: The proposed legalization process runs in
O(n).

Proof: Each stage of the legalization process runs in
O(n). As mentioned above, the layout partitioning is O(n).
Legalization inside each block requires topological sort on the
corresponding MCG. Indicated by Lemma 1, the time com-
plexity of legalization is ZGm:(V’ ) |El, which is linear to the
number of vertices. The whole process of legalization runs in

O(n). [ |

V. INTERACTIVE ROUTING

Due to a variety of sophisticated constraints, such as end-
of-line spacing, parallel run length spacing, manual routing is
tedious and time consuming. Although automated routing tools

Routing without obstacle Routing with obstacle
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Fig. 6. Routing obstacle insertion.

can generate basic routing solutions, it is difficult to integrate
all the expertise from designers, such as extra space for criti-
cal wires, routing obstacles, and preferred routing topologies,
which can highly impact the eventual performance. In this sec-
tion, we explain how to realize the routing operations defined
in Section III-D. For operation add_route_obstacle,
we propose a routing obstacle insertion algorithm to reserve
enough space for critical wires and sensitive devices. For oper-
ation route_with_ guide, we propose a routing algorithm
that can follow the topology guidance provided by design-
ers. Note that the proposed interactive router is based on the
MAGICAL router which could handle multiple routing lay-
ers in practice. The proposed interactive router, similar to the
MAGICAL router, also takes several concise DRC rules into
account aiming to ensure the routing legalization during the
layout editing process.

A. Routing Obstacle Insertion

Automatic layout routing tools hardly consider special spac-
ing constraints for critical paths and devices, which leads to
a decrease in the performance of analog circuits. In order
to adjust the spacing of critical paths and devices, we pro-
pose a concise method which is defined in Section III-D as
add_route_obstacle. Fig. 6 demonstrates the obstacle
insertion process. The initial routing result is shown on the left
of Fig. 6. Spacing between two critical wires in the same rout-
ing layer is particularly narrow, which may increase parasitic
capacitance and affect signal transmission. The adjustment
procedure outlines three steps. First, select one of the critical
wires as a reference and remove another wire. Then, deter-
mine the boundaries of the obstacle in the same routing layer
according to the desired spacing constraints. Finally, reroute
the removed wire such that enough spacing can be maintained
by avoiding the obstacle.

B. Routing With Guidance

In more practical scenarios, users may desire to be capa-
ble of controlling the routing topology. Given a net and
a rough routing topology, we propose an effective algo-
rithm to generate routing solutions following the topol-
ogy guidance. Algorithm 4 details our method. Function
route_with_guide demonstrates the top flow of our algo-
rithm modified from the conventional A-star-based routing
procedure. We adjust the cost of each node according to

Authorized licensed use limited to: Peking University. Downloaded on July 03,2025 at 06:33:35 UTC from IEEE Xplore. Restrictions apply.



706 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 42, NO. 3, MARCH 2023

Algorithm 4 Routing With Guidance

Input: Guiding path {GP;}, routing net n; with source node
Vgre and target node vy, cost-scaled parameter o

Output: Routing solution considering routing guidance

1: function route_with_guide(n;, {GP;}, o)
2 Priority queue Q < &

3 Initialize all costs to co

4 Q.push(vsr)

5: while Q # & do

6 v < Q.pop()

7 if v = v, then

8 trace_back(v)

9: break

10: end if

11: for u € neighbors of v do

12: cost < A-Star_routing_cost(u)
13: + ax Distanceu.coord, {GP;}
14: if cost < u.cost then

15: u.cost < cost

16: if u ¢ O then

17: Q.push(u)

18: end if

19: end if

20: end for

21: end while

22: end function
23: function Distance(p, {GP;})

24: dppin < 00

25: for GP; € {GP;} do

26: d < Point_Path_Distancep, GP;
27: if d < d,;i, then

28: dpin < d

29: end if

30: end for

31: end function

p — {GP;} (lines 12 and 13). Take this cost as penalty in the
A-star-based routing algorithm. The higher the cost, the less
likely the node is to be selected as a routing path. Furthermore,
we also set a cost-scaled parameter « to adjust the tightness of
the routing path following the routing guidance. Empirically,
« is set to 5 in the experiments.

To illustrate the guidance cost, we define two specific
distances for convenience.

Definition 1: p — GP; represents the Manhattan distance
from an objective node to a particular segment of the guiding
path.

Definition 2: p — {GP;} represents the Manhattan distance
from an objective node to the entire guiding path.

More specifically, p — GP; corresponds to the dotted line
in three different colors in Fig. 7. {GP;} is made up of sev-
eral end-to-end GP;, so we take the minimum of p — GP; as
the final p — {GP;} (lines 23-31). As Fig. 7 demonstrated,
the final p — {GP;} is Distance ) in this case and the ideal
wire is routed following the routing guidance precisely without
passing through obstacles.

Distance @) €= v
- --ﬂ ey Distance @)

’..

Guiding Path 5
H
: — .
T H > Distance D
@ ©
Routing Wire Obstacle @ Obiective
Node

Fig. 7. Example of routing with guidance, where the distance between point
p and the guiding path is the minimum of distance (D), 2), and 3)

|m| ||||n|l

AL

Fig. 8. Example of layout editing process with command sequence:
{swap([4], [2, 3]), symAdd([l1, 0], Ay), move([l, 0]), move([5]),
symmAdd([5], As)}. (a) Schematic. (b) Initial placement. (c) After swap.
(d) After symAdd. (e) After move. (f) Legalized placement.

VI. EXPERIMENTAL RESULTS

In this section, we first show an example of the interactive
layout editing process. Then, we verify the performance
of instant placement legalization on a synthetic dataset.
Eventually, we validate the post-layout performance of the
entire interactive layout editing workflow, including placement
and routing on real designs.

A. Demonstration of Interactive Editing

We first demonstrate the capability of interactive layout edit-
ing with a simple example, as shown in Fig. 8, where an
automation-tool-generated layout is converted to the desired
layout. We adopt the layout automation tool MAGICAL [3]
to generate the first placement layout, as shown in Fig. 8(b).
It is worth noting that our framework cares less about where
the initial layout comes from. As our interactive placement
and routing are independent with the automation engine, the
initial layout can be given by other automation tools or even
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TABLE III
LEGALIZATION PERFORMANCE
| STATISTICS | TOPO | LP
| Devices Symmetry Hierarchy | Tseq mS  Dpmaz %  Davg % | Tseqms Doz % Davg %

casel 25 v - 0.16 31.1 17.7 333 40.9 13.0

case2 49 v - 0.23 43.4 5.1 334 43.4 5.1

case3 42 v - 0.20 10.9 3.99 354 16.2 33

case4 17 v - 0.12 11.8 4.20 315 12.6 39

caseS 114 v v 0.84 14.1 10.1 101.7 16.4 8.0

caseb 211 v v 1.06 21.7 11.1 253.7 19.6 6.1

Avg. - - - - 222 8.7 - 249 6.6

Ratio - - - 1.00 - - 192.2 - -

. . TABLE IV
another manual result. Assume a designer receives the first POST-LAYOUT PERFORMANCE OF LDO
placement layout depicted in Fig. 8, but is unsatisfied with it.
We enable an interactive process in which the designer is able Gain CURRENT  OD ou PM
. . Method
to run the commands in Table I and can instantly see the legal- (dB) (uA) (mV) ~ (mV)  (degree)
ized layout. In step 1, we conduct command swap between Pre-Simu 73.69 16.82 539.6  540.2 89.59
: : MAGICAL 73.06 16.18 1937.0 14220 89.61

devices 4 and {2, 3}, which denotes to swap v4 and {v2, v3} on Intoractive 7365 16.19 s448 5415 29,61

the constraint graph. The designer is able to view the layout
in Fig. 8(c) after instant legalization. In step 2, we conduct
command symAdd to add a new symmetry pair {v{, vo} and
Fig. 8(e) shows the symmetry constraint. Then, we conduct
several move commands to reassign the locations of certain
devices. In the last step, we conduct command symAdd to add
device 5 to the left symmetry group and achieve the eventual
placement layout.

B. Legalization Performance

We then set up experiments to verify the performance of the
instance legalization in the feedback phase. The algorithms
are implemented in C++ and Python and the experiments
are conducted on a Linux server with 20-core Xeon CPU @
2.1 GHz.

We construct a dataset from circuits in the opensource
MAGICAL repository [3] to validate the legalization algo-
rithm. The STATISTICS column in Table III lists the properties
of the test cases. All cases contain symmetry group constraints
and two cases with more devices have hierarchical structures.
We prepare the cases by perturbing the initial layouts from
MAGICAL [3]. Then, we generate a random sequence of
placement commands in Table I to simulate multiple synthetic
command streams. We obtain ten feasible command streams
for every initial placement layout to construct ten prelegaliza-
tion synthetic layouts. In this way, we synthesize a dataset with
60 prelegalization placement layouts to verify the legalization
algorithm.

In addition, we implement the legalization algorithm in
MAGICAL based on linear programming (LP) by using
GUROBI as the LP solver. The algorithm aims at minimiz-
ing the displacement. The performance of different legalizers
is compared in Table III. We use two displacement metrics and
a runtime metric to assess the legalizers, where Teq denotes
the runtime of one-shot legalization after applying a complete
command stream, and Dp,x and D,ye Tepresent the maximum
and average cell displacements in a layout, respectively. Both
D metrics are evaluated as the ratio (in percentage) between the

Manhattan distance and half-perimeter of the layout bounding
box. We take the maximum values over ten layout samples for
the three metrics. Our legalizer can generate legalized layouts
with nearly optimal displacement, and the layout solutions are
aligned with designers’ expectations. Table III demonstrates
that the legalization can be finished within about 1ms for each
case, indicating the capability of real-time interaction with
designers.

C. Post-Layout Simulation Results

To verify the circuit performance after interactive lay-
out editing, we establish interactive processes and conduct
post-layout simulation on two real-world analog designs, i.e.,
an operational transconductance amplifier (OTA) and a low-
dropout regulator (LDO), under TSMC 40-nm technology
node. In our interactive layout editing processes, we first
generate initial placement and routing layout results using
MAGICAL [3]. Then, we present the initial layout results to an
experienced analog designer and collect command sequences
to conduct editing directly on the layout results. We employ
Cadence Virtuoso and Mentor Graphics Calibre for post-layout
simulation. We compare the post-layout performance results
between initial layouts and interactively edited layouts.

Fig. 9(a) shows the schematic of LDO circuit. We generate
the initial layout with MAGICAL [3], shown in Fig. 9(b). We
obtain the command sequence {wireSpacing (@), @),
wireSpacing ((3), (@)} from an experienced analog
designer. Layout editing following the command sequence pro-
duces the layout shown in Fig. 9(c). Table IV shows the post-
layout simulation performance of the LDO circuit. MAGICAL
represents the initial layout generated by MAGICAL [3],
and Interactive represents the layout interactively edited
with our framework. Table IV summarizes the post-layout
performance with close-loop gain (Gain), dc power current
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Fig. 9. LDO: (a) schematic, (b) part of layout generated by
MAGICAL [3], and (c) corresponding part of layout interactively edited with
{wireSpacing (@, ), wireSpacing(@, @) }.

TABLE V
POST-LAYOUT PERFORMANCE OF OTA

Method Gain UGB CMRR PM
(dB) (MHz) (ratio) (degree)
Pre-simu 15.40 6.85 - 70.98
MAGICAL 14.15 5.11 55.79 70.48
Interactive 14.49 5.24 74.47 69.23

(CURRENT), overshot down voltage (OD), overshot up volt-
age (OU), and phase margin (PM). We can achieve better
results in Gain, CURRENT, OD, and OU, with the same PM,
compared with the initial layout from MAGICAL. With only
two editing commands, the interactive editing brings about a
noteworthy improvement on OD and OU. The total time for
the two editing commands is about 1 s, basically achieving
the purpose of real-time layout editing.

Fig. 10 presents the schematic of an OTA circuit, the lay-
out generated by MAGICAL [3], and the layout interactively
edited with our framework. We obtain the command sequence
symAdd (@), Q) from an experienced analog designer, per-
form on the initial layout [Fig. 10(b)], and obtain the edited
layout [Fig. 10(c)]. We finish the layout editing process in 0.1 s
and rerun the routing process with 5.5 s. Considering that man-
ual layout drawing may take hours to days, the framework is
very promising to reduce the turn-around time. We compare
the post-layout performance of the initial layout (MAGICAL)
and the edited layout (Interactive) in Table V. The
performance metrics listed in Table V include close-loop gain

VDD

IBIAS

NBCMO

|—vCM

N2TAIL

Bias Common-mode Feedback

N2TAIL

Fig. 10. OTA: (a) schematic, (b) layout generated by MAGICAL [3], and
(c) layout interactively edited with {symadd (@D, @) }.

(Gain), unity gain bandwidth (UGB), common-mode rejec-
tion ratio (CMRR), and PM. The interactively edited layout
achieves significant improvements in Gain, UGB, and CMRR,
meanwhile satisfying the PM requirement. The simulation
performance demonstrates that our layout editing framework
can effectively enhance the existing fully automated layout
generator with compact command streams.

D. Application Scope of the Framework

Our interactive framework can effectively reduce the turn-
around time for circuit designs with heavy manual efforts. As
analog layouts are quite custom and the design methodology
is mostly manual, we choose analog layouts as a target appli-
cation. The framework may also be applicable to other custom
designs like the memory cell circuits and the customized dig-
ital parts in mixed-signal circuits, which can be explored in
the future.
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VII. CONCLUSION

We presented an analog placement and routing framework
with interactive analog layout editing in this study. To bridge
the gap between fully automated analog layout tools and
skilled designers, we proposed the novel idea of interactive
analog layout editing. We proposed a complete workflow for
interactive placement and routing modification with a novel
placement representation leveraging MCG and linear-time
topological-sort-based legalization as well as flexible routing
algorithms. This is a pioneering work that provides a holistic
study on the interactive design methodology for analog layouts
and its capability of speeding up design closure. We validated
the effectiveness and efficiency of the proposed framework
on real-world analog designs with post-layout simulation. Our
framework achieves quick response to users’ commands, with
most commands not exceeding 1 s. Fast response ensures a
real-time interaction with users and, thus, our framework can
speed up the whole design closure. The experiments demon-
strated that we can improve post-layout performance with only
a few simple commands on real-world analog designs. In the
future, we plan to performance and layout dependent effects
during the legalization, and extend the framework to other
custom designs like memory cell circuits, customized digi-
tal parts in mixed-signal circuits, and printed circuit boards
(PCBs) designs.
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