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ABSTRACT

The layouts of analog/mixed-signal (AMS) integrated circuits (ICs)

are dramatically different from their digital counterparts. AMS

circuit layouts usually include a variety of devices, including tran-

sistors, capacitors, resistors, and inductors. A complicated AMS IC

system with hierarchical structure may also consist of pre-laid out

subcircuits. Different types of devices can occupy different manufac-

turing layers. Therefore, during the layout stage, the devices require

co-optimization to achieve high circuit performance. Leveraging

the fact that some devices can be built by mutually exclusive layers,

they can be carefully designed to overlap each other to effectively

reduce the total area and wirelength without degrading the circuit

performance. In this paper, we propose an analytical framework to

tackle the device layer-aware analog placement problem. Experi-

mental results show that on average the proposed techniques can

reduce the total area and half-perimeter wirelength by 9% and 23%,

respectively. To verify the routability of the placement results, we

also develop an analog global router, which demonstrates that the

device layer-aware placement can achieve 18% shorter wirelength

during global routing.
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1 INTRODUCTION

Analog/mixed-signal (AMS) circuits often contain various types of

devices, including transistors, resistors, capacitors, and inductors.

In a complicated AMS IC systemwith hierarchical design, there may
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also exist pre-laid out subcircuits as placement devices (e.g., a pre-

laid out comparator in an analog-to-digital data converter system).

Different types of devices are built by different manufacturing

layers: transistors and resistors can reside only on the substrate and

polysilicon layers; high-quality capacitors like metal-oxide-metal

capacitors can be directly formed by inter-digitized metal fingers

[1]; pre-laid out subcircuits containing different types of devices

and the interconnections may occupy substrate, polysilicon, and

metal layers. To reduce production cost and routing complexity, it

has been a common and desirable practice to create overlapping

layouts for the devices occupyingmutually exclusivemanufacturing

layers in the high-performance custom analog designs. For instance,

implementation examples of overlapping decoupling capacitors on

top of transistors and resistors are reported in [2, 3] to address the

area and wirelength overhead.

From the above description, we can see that under most circum-

stances, it is beneficial to allow the overlap between devices with

mutually exclusive layers during analog layout optimization. How-

ever, there are some devices that should not overlap other devices

even if they occupy mutually exclusive layers, e.g., the devices that

are critical and sensitive to coupling. Only those that are insensi-

tive to coupling and reside on mutually exclusive layers should be

allowed to overlap each other without degrading the circuit per-

formance. To validate that such overlapping will not induce circuit

performance degradation, without losing generality, we provide

two widely used analog circuits and their layout examples, with and

without overlapping between the insensitive devices on different

manufacturing layers in the following.

The capacitive-coupled operational transconductance amplifier

(CC-OTA) is a prevalent building block in data converters and

sensor interfaces, which is shown in Figure 1a. By overlapping the

capacitors with the transistors and resistors as in Figure 1b, the area

and wirelength are reduced by 30% and 4%, respectively. Table 1

compares the post-layout-simulated phase margin (stability metric),

unity gain bandwidth (speedmetric) and loop gain (accuracymetric)

between the two layout cases, which shows that the impact on the

circuit performance is negligible.

The current-controlled ring oscillator (CCO), which is commonly

seen in phase-locked loops (PLLs), is shown in Figure 2. By strate-

gically sharing the vertical space between the loading capacitors

(CL) and other devices, the compactness of the design is notably
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2 PROBLEM DEFINITION

The conventional analog placement problem usually tries to min-

imize the objectives including the total area and the total half-

perimeter wirelength (HPWL). Besides the non-overlapping con-

straint between each pair of devices, it also needs to satisfy many

other constraints, including matching, proximity group, and sym-

metry constraints [5ś11, 15]. The conventional analog circuit place-

ment problem can be stated as follows:

Problem 1 (Analog Placement). Given a netlist and the layout con-

straints (e.g., symmetry constraints), the analog placement problem

is to find a legal placement of the devices satisfying all the given

constraints, such that the objectives are optimized, including total

area and wirelength.

Compared to conventional analog placement, device layer-aware

analog placement allows overlap between certain pairs of devices.

Without loss of generality, we categorize the devices in analog

circuits into three types:

• Type I device: the device built without metal or via layers,

and not sensitive to coupling.

• Type II device: the device built only with metal and via layers,

and not sensitive to coupling.

• Type III device: the device occupying not only the metal and

via layers but also substrate and polysilicon layers, or the

device that is critical and sensitive to coupling.

From the above definitions, we know that Type I devices are allowed

to overlap with Type II devices, while Type III devices should not

overlap with any other devices. Overlaps between devices of the

same type are also considered illegal. The device layer-aware analog

circuit placement problem can be stated as follows:

Problem 2 (Device Layer-Aware Analog Placement). The device

layer-aware analog placement problem is the analog placement

problem where devices built by mutually exclusive manufacturing

layers and insensitive to coupling are allowed to overlap each other

from the designer specification.

3 DEVICE LAYER-AWARE PLACEMENT

This section presents our method to solve the device layer-aware

placement for analog circuits. Figure 3 shows the overall flow of

our device layer-aware analytical analog placement engine. Given

the analog circuit netlist, the placement constraints (e.g., symmetry

constraints), the placement boundary, and the device types from

the design specification (i.e., circuit designer will manually specify

whether a device is Type I, II, or III, as input to our engine), we first

generate the global placement result by optimizing a non-linear

objective function using conjugate gradient (CG) method. The next

step runs the symmetry-aware and device layer-aware legalization

to generate a legal placement solution which honors the result from

global placement. Finally, a linear programming (LP) based detailed

placement is used to further optimize the wirelength.

3.1 Global Placement

Our global placement for analog circuits is based on a non-linear

global placement framework [14, 16, 17], which simultaneously

considers the following: (1) wirelength, (2) device layer-aware over-

lapping, (3) placement boundary, and (4) symmetry constraints from

Circuit 
Netlist

Placement 
Boundary

Placement Result

Device Layer-Aware Analog Placement

Device 
Types & 
Shapes

Layout 
Constraints

Global Placement

Constraint Graph Construction

Symmetry-Aware Legalization
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CG-based Non-linear Optimization

Adjust Coefficients in Objective

Figure 3: The overall flow of our device layer-aware analyti-

cal analog placement engine.

the design specification. To be specific, it minimizes the objective

shown in Equation (1) using unconstrained non-linear conjugate

gradient algorithm.

Objective = fWL + a · fOL + b · fBND + c · (f
x
SYM + f

y
SYM

), (1)

where fWL is the wirelength of the placement, fOL is the illegal

overlap penalty (overlaps between devices on conflicting manu-

facturing layers are regarded as illegal), fBND and fSYM are the

penalties of violating boundary and symmetry constraints, respec-

tively. Our non-linear optimization-based global placement runs

iteratively, until the penalties are below the specified thresholds,

or the predefined maximum number of iterations is reached. By

gradually adjusting the coefficient values of different penalty func-

tions in each iteration, we can get a placement result honoring

symmetry and boundary constraints with short wirelength and

small illegal overlapping. Log-sum-exponential (LSE) [18] models

γ log
∑
i exp(xi/γ ) and −γ log

∑
i exp(−xi/γ ) are used to smooth

the maxi (xi ) and mini (xi ) functions in the objective, respectively,

where γ is a very small value. Details of each objective function

will be explained as follows.

Wirelength is defined as the total HPWL shown in Equation (2).

fWL =

∑

nk

(max
i ∈nk

(xi ) − min
i ∈nk

(xi ) + max
i ∈nk

(yi ) − min
i ∈nk

(yi )), (2)

where device i contains the pins of net nk and xi (yi ) is the x (y)

coordinate of the center of device i . This definition assumes that

the pins are in the center of the device.

In this work, only the overlaps between devices with conflicting

manufacturing layers will contribute to the overlap penalty in the

objective. Overlaps in global placement are modeled as an area

overlap function similar to [19], which is shown in Equation (3).

fOL =

∑

(i, j)∈L

Ox
i, j ·O

y
i, j ,

Ox
i, j = max(min(xi +wi − x j ,x j +w j − xi ,wi ,w j ), 0),

O
y
i, j = max(min(yi + hi − yj ,yj + hj − yi ,hi ,hj ), 0),

(3)
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v ′ reachable by v , if edge euv ′ exists, it will be removed. The time

complexity for this process is O(|E | · (|E | + |V |)), where |E | and |V |

are the number of edges and nodes in the graph, respectively. After

this, the constraint graphs will have the minimum number of edges

and can guarantee a legal placement, which is shown in Theorem 1.

Due to page limit, the proof is omitted.

Theorem 1. After our constraint graph construction, the constraint

graphs have the minimum number of edges and can guarantee a legal

placement.

3.2.2 Symmetry-Aware Legalization. After constructing the con-

straint graphs, we can get a legal compact placement solution using

LP in accordance with the constraint graphs. The LP problem can

be decomposed into two sub-problems without losing optimality,

one for solving the x coordinates to minimize the total width, and

another for solving the y coordinates to get the optimal total height.

Take the placement with symmetry constraints on the horizontal

direction (with vertical symmetric axis) as an example. The x and

y coordinates sub-problems can be formulated as in Equations (6)

and (7), respectively.

Minimize W

Subject to 0 ≤ xi ≤W −wi ,∀i ∈ D,

xi +wi ≤ x j ,∀ei, j ∈ Gh ,

xi + x j +w j = 2 · xc
k
,∀(i, j) ∈ д

p

k
,

2 · xi +wi = 2 · xc
k
,∀i ∈ дs

k
,

∀дk ∈ G,

(6)

Minimize H

Subject to 0 ≤ yi ≤ H − hi ,∀i ∈ D,

yi + hi ≤ yj ,∀ei, j ∈ Gv ,

yi = yj ,∀(i, j) ∈ д
p

k
,∀дk ∈ G,

(7)

whereW (H ) is the total width (height) of the placement, Gh (Gv )

is the horizontal (vertical) constraint graph, D is the set of devices,

xi (yi ) is the x (y) coordinate of the lower-left corner of device i ,

wi (hi ) is the width (height) of device i , G is the set of symmetric

groups, д
p

k
and дs

k
are the set of symmetric pairs and the set of

self-symmetric devices in a symmetric group дk respectively, and

xc
k
is the coordinate of the symmetric axis of the group дk . There

are two sets of constraints which are topology order (non-overlap)

and symmetry constraints. The topology order constraints are from

the constraint graphs obtained by the previous section, while the

symmetry constraints are directly from the design specification.

The y coordinates sub-problem differs from the x coordinates sub-

problem in that the x coordinates of a symmetric pair need to be

symmetric with respect to an axis (i.e., xi + x j + w j = 2 · xc
k
),

while their y coordinates need to be the same (i.e., yi = yj ). The

LP problems for the symmetry constraints on the vertical direction

(with horizontal symmetric axis) can be formulated in a similar

way.

3.3 Detailed Placement

After legalization, we can get a legal compact placement solution.

In the detailed placement stage, we will use LP to further optimize

the wirelength for the given legal placement. The formulations

are similar to Equations (6) and (7) in the legalization step, except

that the placement boundaries are fixed to the optimal total width

and height obtained from legalization to ensure that the placement

remains compact, and the optimization objective becomes minimiz-

ing wirelength, which is shown in Equation (8), whereW ∗ and H∗

are the optimal total width and height obtained from legalization.

Minimize Wirelenдth

Subject to 0 ≤ xi ≤W ∗ −wi ,∀i ∈ D,

xi +wi ≤ x j ,∀ei, j ∈ Gh ,

0 ≤ yi ≤ H∗ − hi ,∀i ∈ D,

yi + hi ≤ yj ,∀ei, j ∈ Gv ,

xi + x j +w j = 2 · xc
k
,∀(i, j) ∈ д

p

k
,

2 · xi +wi = 2 · xc
k
,∀i ∈ дs

k
,

yi = yj ,∀(i, j) ∈ д
p

k
,

∀дk ∈ G,

(8)

4 EXPERIMENTAL RESULTS

All algorithms are implemented in C++ and all experiments are

performed on a Linux machine with 3.4GHz Intel(R) core and 32GB

memory. WNLIB [21] is used as the unconstrained non-linear opti-

mization solver for the global placement. All benchmark circuits

used are from experienced analog circuit designers, reflecting the

real analog design complexities. Benchmark 1 is an operational

amplifier (opamp), which can be widely used to implement gain,

filtering, buffering, and voltage regulation. Benchmark 2 is a дm-

C integrator, which can be found in low-power continuous-time

filters. Benchmark 3 is a continuous-time delta-sigma modulator

(CTDSM). CTDSMs are oversampling ADCs that leverage noise-

shaping. As specified by the circuit designer, all capacitors in the

circuit benchmarks are allowed to overlap the transistors and re-

sistors without degrading the circuit performance. The devices in

benchmark 1 and 2 include Type I and Type II devices. Benchmark

3 contains not only Type I and Type II devices, but also Type III

devices. The benchmark circuit information is summarized in Ta-

ble 3. In the rest of this section, Section 4.1 compares the placement

results with and without device layer-awareness, Section 4.2 shows

the routability of the placement, and Section 4.3 demonstrates the

effectiveness of the analytical framework by comparing with the

baseline algorithm.

Table 3: Benchmark circuits information.

Index Design #Devices #Type I #Type II #Type III #Nets

1 opamp 46 42 4 0 29

2 дm-C integrator 15 13 2 0 9

3 CTDSM 21 6 2 13 27

4.1 Effects of Device Layer-Awareness

Table 4 compares the placement results with and without device

layer-awareness in our analytical analog placement framework,

where łNLPž means the placement results without device layer-

awareness, and łDevice layer-aware NLPž means the placement re-

sults with device layer-awareness. We can see that area and HPWL

benefits are consistently achieved (on average 9% and 23% reduc-

tion, respectively) when we co-optimize the devices occupying
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Table 4: Results of our analytical analog placement framework (NLP).

Design

NLP Device layer-aware NLP

area (µm2) HPWL (µm) run-time (s) area (µm2) HPWL (µm) run-time (s)

actual norm. actual norm. actual norm. actual norm. actual norm. actual norm.

opamp 2973 1 753 1 17.1 1 2370 0.80 498 0.66 10.9 0.64

дm-C integrator 182 1 73 1 1.2 1 175 0.96 60 0.83 1.2 1.00

CTDSM 57455 1 3129 1 6.5 1 56060 0.98 2580 0.82 6.5 1.00

average 1 1 1 0.91 0.77 0.88

Table 5: Results of MILP-based placement with quality matching (MILP-Q), and run-time matching (MILP-R) our framework

without device layer-awareness (NLP).

Design

NLP MILP-Q MILP-R

area (µm2) HPWL (µm) run-time (s) area (µm2) HPWL (µm) run-time (s) area (µm2) HPWL (µm) run-time (s)

actual norm. actual norm. actual norm. actual norm. actual norm. actual norm. actual norm. actual norm. actual norm.

opamp 2973 1 753 1 17.1 1 3295 1.11 714 0.95 607.2 35.57 4181 1.41 927 1.23 20.2 1.19

дm-C integrator 182 1 73 1 1.2 1 187 1.03 69 0.95 20.7 17.21 184 1.01 77 1.06 5.7 4.73

CTDSM 57455 1 3129 1 6.5 1 57960 1.01 3611 1.15 20.5 3.16 64472 1.12 3443 1.10 10.5 1.62

average 1 1 1 1.05 1.02 18.65 1.18 1.13 2.51

Table 6: Global routing (GR) results for the proposed analyt-

ical placement framework (NLP).

wirelength (µm)
NLP + GR

Device layer-aware

NLP + GR

actual norm. actual norm.

opamp 839 1 617 0.74

дm-C integrator 89 1 79 0.89

CTDSM 3591 1 3034 0.84

average 1 0.82
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