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Abstract
Superconducting Rapid Single FluxQuantum (RSFQ) logic is a promis-
ing candidate for high-performance computing due to its ultra-high
speed and ultra-low power. Since most RSFQ logic gates require
synchronization with a single clock pulse, RSFQ circuits have a
clock-driven gate-level pipelined architecture in nature. However,
the gate-level pipelined architecture leads to layouts with a high
width-to-height ratio, especially in large circuits, because the layout
width increases with the number of logic stages while the height is
determined by the tallest column. To address this, we propose JSPlace,
a shape-controllable and length-matching placement algorithm for
RSFQ circuits. Our algorithm folds the multi-stage pipelined place-
ment into three segments and merges columns via mixed-integer
linear programming (MILP) to achieve the target width-to-height
ratio. Subsequently, dynamic programming determines the vertical
positions of nodes within each column, followed by connectivity-
driven repositioning to minimize total vertical wirelength. Experi-
mental results on ISCAS85 and EPFL benchmarks demonstrate that
JSPlace achieves effective control of layout width-to-height ratio
while significantly outperforming the state-of-the-art in layout area
and wirelength.

1 Introduction
The superconductor-based rapid single-flux-quantum (RSFQ) tech-
nology [18] has emerged as an attractive candidate for future high-
performance computing systems, owing to its ultrafast operational
speed and ultralow power consumption. In RSFQ circuits, Josephson
junctions (JJs) encode digital information via single flux quantum
pulses [4]. Such circuits can achieve operating frequencies in the tens
of gigahertz range [19] [2], while exhibiting switching energy as low
as 1× 10−19 J/bit [14, 21], which is two to three orders of magnitude
lower than that of CMOS technology. These excellent properties
make RSFQ circuits promising for high-performance microproces-
sors [8], energy-efficient qubit controllers [16], and power-efficient
neural network accelerators [15].

Despite recent advancements, the unique physical characteris-
tics of RSFQ circuits preclude the direct application of conventional
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Figure 1. The 𝑛-stage pipelined placement of an RSFQ circuit, where
𝑛 is the maximum logic stage of the RSFQ circuit.

CMOS-oriented electronic design automation (EDA) tools for physi-
cal design. In RSFQ circuits, most logic gates are driven by a clock
pulse, enabling a gate-level pipelined architecture that clarifies tim-
ing constraints among gates and simplifies routing [5]. However, this
architecture also introduces constraints for placement: gates must
be arranged column-wise according to their logic stages and placed
in appropriate positions [6, 10]. The height of a gate-level pipelined
layout is determined by the tallest column, while its width increases
with the number of logic stages. To satisfy strict timing constraints,
numerous delay flip-flops (DFFs) must be inserted, adding clock and
data routing overhead and substantially increasing inter-column
routing widths. Increasing logic stages in large-scale RSFQ circuits
accumulate inter-column routing width, producing elongated lay-
outs with high width-to-height ratios. For example, a 128-bit adder
with 255 logic stages exhibits a layout ratio approaching 13:1 [9].
Such an imbalanced aspect ratio poses a major challenge to the
manufacturing yield of RSFQ circuits, as practical chip integration
requires precise control over layout geometry.

Previous RSFQ placement studies focus on translating timing
constraints into length-matching constraints and reducing routing
width by minimizing wirelength. Kito et al.[17] proposed a simulated
annealing (SA)-based algorithm that neglects the length matching
of clock signals and exhibits high computational complexity for
large-scale circuits. Yan et al.[22] proposed a fixed-order placement
algorithm to minimize the routing area in pipelined RSFQ circuits.
By fixing the relative positions of logic gates, the algorithm reduces
the feasible solution space and achieves a faster runtime than the
SA-based algorithm. However, it also does not consider timing align-
ment in RSFQ circuits. Chen et al.[6] proposed a clock-aware length-
matching placement method that integrates clock tree construction
into placement and considers delay matching between data and clock
signals, significantly reducing the vertical wirelength required to
meet timing constraints. However, all existing RSFQ placement meth-
ods only focus on minimizing wirelength under length-matching
constraints to reduce the area of the circuit layout, without provid-
ing explicit control over the width-to-height ratio. Therefore, new
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RSFQ placement methods must be designed to effectively control
the width-to-height ratio of the circuit layout while minimizing
wirelength under timing constraints.

This paper proposes a shape-controllable and length-matching
placement algorithm that satisfies timing constraints while minimiz-
ing total wirelength and enabling explicit control over the layout
width-to-height ratio. Overall, our contributions are as follows:
• To our knowledge, we propose JSPlace, the first shape-controllable
and length-matching placement algorithm for RSFQ circuits.

• We fold the multi-stage pipelined placement into three segments
based on the target width-to-height ratio to form a folded place-
ment preserving input and output directions.

• Wepropose anMILP-based columnmerging algorithm thatmerges
columns from different segments to balance column heights and
minimize total vertical wirelength.

• Wepropose vertical placement refinement and connectivity-driven
repositioning methods to determine the optimal intra-column
position of each gate.

• On the ISCAS85 and EPFL benchmarks, JSPlace achieves effective
control of the width-to-height ratio while reducing the total
vertical wirelength by 21.36% and 46.43%, and layout area by
15.37% and 45.65%, respectively, compared to state-of-the-art.

2 Preliminary
2.1 RSFQ Logic
RSFQ logic is a representative ultra-fast and low-power supercon-
ducting circuit technology that employs the single flux quantum
(SFQ) as the information carrier. In RSFQ circuits, logical values ‘1’
and ‘0’ are encoded by the presence or absence of single SFQ pulses,
which are generated and processed using JJs and propagated through
passive transmission lines (PTLs). Unlike conventional CMOS cir-
cuits, RSFQ logic gates exhibit limited pulse-driving capability, as
each gate can drive only one subsequent gate, thereby necessitat-
ing unclocked splitter trees to achieve multiple fanouts. Most RSFQ
logic gates require a clock pulse to transfer the stored data pulses to
adjacent gates. This synchronization naturally enables a gate-level
pipelined architecture for RSFQ circuits.

Based on the gate-level pipelined architecture, RSFQ circuits are
divided into multiple logic stages. The logic stage of a gate is defined
as themaximumnumber of clocked gates from any primary input (PI)
to that gate. To ensure correct operation of RSFQ logic gates, all paths
from any PI to a specific logic gate must traverse an equal number of
clocked gates, a condition known as the path balancing constraint.
Achieving path balancing requires the insertion of numerous DFFs,
which introduces additional power and routing overhead.

After DFF insertion, all logic gates sharing the same logic stage
are grouped into one column, as shown in Fig. 1. These columns
are arranged from left to right according to increasing logic stages,
forming an 𝑛-stage pipelined placement, where 𝑛 denotes the maxi-
mum logic stage of the RSFQ circuit. The spacing between adjacent
columns defines 𝑛 PTL routing regions, causing the layout width to
grow with the number of logic stages. As the number of logic stages
increases, the cumulative routing width of these PTL regions leads
to an excessively large width-to-height ratio of the 𝑛-stage pipelined
placement, posing a major challenge to achieving shape-controllable
placement in RSFQ physical design.

Splitter

(a) (b)

Figure 2. Timing constraints in concurrent-flow clocking-based RSFQ
circuits. (a) An RSFQ sub-circuit. (b) Timing of the gates in (a).

2.2 Timing Constraints
To achieve the highest possible clock frequency, RSFQ circuits em-
ploy a clocking scheme that is fundamentally different from that
of CMOS circuits. Concurrent-flow clocking [11] is a widely used
clocking scheme in RSFQ design, where clock and data propagate
in the same direction. In this scheme, the data pulse arrives shortly
after the clock pulse and is logically processed during the subsequent
clock cycle to generate an output. As shown in Fig. 2, concurrent-
flow clocking enables clock (𝑐𝑙𝑘2) and data pulses (𝑖𝑛2) to travel in
the same direction and exploits clock skew (𝑠𝑘𝑒𝑤 ) to compensate for
data transmission delay (Δ𝑑𝑎𝑡𝑎), thereby hiding propagation delays.
To ensure correct circuit operation, the arrival times of clock and
data pulses must satisfy the following timing constraint:

𝑡𝑐 + 𝑡ℎ𝑜𝑙𝑑 < 𝑡𝑑𝑎𝑡𝑎 < 𝑡𝑐 + 𝑡𝑐𝑦𝑐𝑙𝑒 − 𝑡𝑠𝑒𝑡𝑢𝑝 , (1)

where 𝑡𝑐 and 𝑡𝑑𝑎𝑡𝑎 represent the arrival times of the clock and data
pulses at a logic gate, respectively. 𝑡𝑐𝑦𝑐𝑙𝑒 represents the cycle of the
clock pulse, while 𝑡𝑠𝑒𝑡𝑢𝑝 and 𝑡ℎ𝑜𝑙𝑑 correspond to the setup and hold
times required for correct pulse capture.

In RSFQ circuits, clock pulses must be delivered precisely to nearly
all logic gates, significantly increasing the complexity of the clock
network. Previous studies [17, 23] have proposed various tree-based
clock distribution methods to reduce routing and area overhead. This
paper employs Yan’s clock tree structure [23], where the primary
clock pulse is divided by splitter trees into multiple pulses and propa-
gated to the next column, as shown in Fig. 1. Each clocked logic gate
forms a composite gate with a splitter that receives a clock pulse
while simultaneously propagating it to the adjacent column.

3 Layout Shape and Problem Formulation
3.1 Terminology
For an 𝑛-stage RSFQ logic netlist comprising logic gates, PIs, and
primary outputs (POs), the placement can be structured as an 𝑛-
stage pipelined architecture represented by a directed graph 𝑁 (𝑉 , 𝐸),
where 𝑛 denotes the maximum logic stage. The node set is defined
as 𝑉 = 𝐺 ∪ 𝐼 ∪𝑂 , where 𝐺 denotes the set of logic gates, and 𝐼 and
𝑂 represent the PIs and POs, respectively. The logic stage of a node
𝑣 ∈ 𝑉 is defined as 𝐿(𝑣) = max

𝑢∈𝐷𝐼 (𝑣)
𝐿(𝑢) + 1, where 𝐷𝐼 (𝑣) is the set of

nodes that serve as data inputs to node 𝑣 . Since all PIs arrive within
the same clock cycle, 𝐿(𝑣) = 0,∀𝑣 ∈ 𝐼 . Nodes with the same logic
stage are placed within the same column. Thus, the 𝑛-stage pipelined
placement comprises 𝑛 + 1 columns𝐶0,𝐶1, ...,𝐶𝑛 . For each column 𝑖 ,
𝐶𝑖 = {𝑣 |𝐿(𝑣) = 𝑖, 𝑣 ∈ 𝑉 }. 𝑦 (𝑣) denotes the vertical position of a node
within its column, and ℎ(𝑣) represents the physical height.
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Figure 3. The𝑚-column folded placement of an RSFQ circuit.

3.2 Problem Formulation
The final area and width-to-height ratio of an RSFQ circuit are de-
termined by the height and width of its layout. The height 𝐻𝑝 of
the layout is set by the tallest gate column in an 𝑛-stage pipelined
placement, while the total routing width of the PTL regions between
adjacent columns determines both the final layout area and its width-
to-height ratio. In an 𝑛-stage pipelined placement, the total routing
width of the PTL regions increases with the number of logic stages.
As the circuit scale expands, cumulative routing width leads to an
elongated layout with a high width-to-height ratio.

Therefore, the primary objective of shape-controllable RSFQ place-
ment is to achieve a target width-to-height ratio under timing con-
straints while minimizing the layout area. To achieve the target
aspect ratio 𝑟𝑡 while preserving the input and output directions
of RSFQ circuits, the 𝑛-stage pipelined placement can be folded
at columns 𝑝 and 𝑞 into three segments: 𝑆1 = {𝐶𝑖 |0 ≤ 𝑖 ≤ 𝑝},
𝑆2 = {𝐶𝑖 |𝑝 + 1 ≤ 𝑖 ≤ 𝑞}, and 𝑆3 = {𝐶𝑖 |𝑞 + 1 ≤ 𝑖 ≤ 𝑛}, where the
selection of 𝑝 and𝑞 is detailed in Section 4.2. As shown in Fig. 3, merg-
ing logic gates from these segments into new columns 𝐶′

0,𝐶
′
1, ...,𝐶

′
𝑚

produces an𝑚-column folded placement with fewer columns but
higher height, where𝑚 is the maximum number of columns among
𝑆1, 𝑆2, and 𝑆3. For segments with fewer than𝑚 columns, data and
clock dummies are introduced to represent cross-column connec-
tions. This folding reduces the number of PTL routing regions while
increasing column height, thereby reducing total routing width and
mitigating excessive width-to-height ratios.

After obtaining the𝑚-column folded placement, wirelength min-
imization under timing constraints is required to ensure proper
circuit operation and reduce layout area. Because the delay of a PTL
routing cell scales linearly with its length, the timing constraint
(Equation (1)) can be transformed into a length-matching constraint:

𝑙𝑐 + 𝑙ℎ𝑜𝑙𝑑 < 𝑙𝑑𝑎𝑡𝑎 < 𝑙𝑐 + 𝑙𝑐𝑦𝑐𝑙𝑒 − 𝑙𝑠𝑒𝑡𝑢𝑝 , (2)

where 𝑙𝑐 and 𝑙𝑑𝑎𝑡𝑎 represent the PTL lengths of the clock connection
and data connection, respectively, with corresponding delays of
𝑡𝑐 and 𝑡𝑑𝑎𝑡𝑎 . Additionally, 𝑙ℎ𝑜𝑙𝑑 , 𝑙𝑐𝑦𝑐𝑙𝑒 , and 𝑙𝑠𝑒𝑡𝑢𝑝 denote the PTL
lengths that match the delays of 𝑡ℎ𝑜𝑙𝑑 , 𝑡𝑐𝑦𝑐𝑙𝑒 , and 𝑡𝑠𝑒𝑡𝑢𝑝 , respectively.
Therefore, data and clock connections require detoured routing to
precisely adjust the arrival times of clock and data pulses for timing
alignment. Since the connections between adjacent columns have a
uniform horizontal length, the minimization of wirelength focuses

Column

Node index

Logic
stage

Data
dummy

Clock
dummy

Figure 4. Partial schematic of the folded placement. Node 𝑔4 with logic
stage 𝑖 has height ℎ (𝑔4 ) and vertical position 𝑦 (𝑔4 ) . Its data inputs
originate from 𝑔1 and 𝑔2, and its clock input is provided by 𝑔1, i.e.,
𝐷𝐼 (𝑔4 ) = {𝑔1, 𝑔2} and 𝐶𝐼 (𝑔4 ) = {𝑔1}. Both its data and clock outputs
flow to 𝑔5 i.e., 𝐷𝑂 (𝑔4 ) = 𝐶𝑂 (𝑔4 ) = {𝑔5}.

on minimizing the total vertical wirelength (TVWL):

TVWL =
∑︁
𝑣∈𝑉

𝑙𝑣𝑐𝑣 + 𝑙𝑚𝑐
𝑣 +

∑︁
𝑢∈𝐷𝐼 (𝑣)

(
𝑙𝑣𝑑𝑢,𝑣 + 𝑙𝑚𝑑

𝑢,𝑣

) , (3)

where 𝑙𝑣𝑐𝑣 and 𝑙𝑚𝑐
𝑣 are the vertical minimum length and vertical

matching length of the clock connection between node 𝑣 and its
clock source, and 𝑙𝑣𝑑𝑢,𝑣 and 𝑙𝑚𝑑

𝑢,𝑣 are the vertical minimum length and
vertical matching length of the data connection between𝑢 and 𝑣 . The
vertical minimum length is the vertical Manhattan distance between
logic gates, and the vertical matching length is the detour length
required to meet the length-matching constraint.

Consequently, the shape-controllable and length-matching RSFQ
placement problem is formalized as folding the 𝑛-stage pipelined
placement into three segments 𝑆1,𝑆2, and 𝑆3 according to 𝑟𝑡 to obtain
an𝑚-column folded placement. In the𝑚-column folded placement,
columns from different segments are merged, and each logic gate is
assigned a legal vertical position to minimize TVWL under length-
matching constraints, thereby reducing layout area and achieving
the target width-to-height ratio.

4 JSPlace
To solve the above RSFQ placement problem, we propose JSPlace, a
shape-controllable and length-matching RSFQ placement algorithm
that achieves the target aspect ratio while minimizing total verti-
cal wirelength. The algorithm comprises five main steps: 1) initial
placement; 2) MILP-based column merging; 3) clock distribution gen-
eration; 4) vertical placement refinement; and 5) connection-driven
repositioning. Details of each step are given in subsections.

4.1 Initial Placement
During the initial placement phase, each node 𝑣 is assigned to a col-
umn according to its logic stage 𝐿(𝑣) and is given a random vertical
position𝑦 (𝑣), forming an 𝑛-stage pipelined placement (Fig. 1). The 𝑛-
stage pipelined placement contains 𝑛 PTL regions 𝑅𝑅1, 𝑅𝑅2, . . . , 𝑅𝑅𝑛 .
This paper assumes that PTL regions are routed under length-matching
constraints in a two-layer Manhattan routing model [7]. Thus, the
estimated PTL region width𝑤𝑖 of each PTL region 𝑅𝑅𝑖 is calculated
as𝑤𝑖 = max

(
𝑤𝐿
𝑖
,
𝑉𝐿𝑖
2𝐻𝑝

)
, where𝑤𝐿

𝑖
is the number of routing tracks
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obtained by the left-edge algorithm [13], and 𝑉𝐿𝑖 represents the
total vertical wirelength of 𝑅𝑅𝑖 .

4.2 MILP-based Column Merging
To achieve the target width-to-height ratio 𝑟𝑡 while preserving the
input-output direction of the circuit, the initial placement can be
folded at columns 𝑝 and 𝑞 into three segments 𝑆1, 𝑆2 and 𝑆3 with

PTL region widths𝑊1 =
𝑝∑
𝑖=1

𝑤𝑖 ,𝑊2 =
𝑞∑

𝑖=𝑝+1
𝑤𝑖 , and𝑊3 =

𝑛∑
𝑖=𝑞+1

𝑤𝑖 ,

respectively. The three-segment folding enables a compact U-shaped
layout that maintains left-to-right signal flow: two segments cannot
preserve both input and output directions, while more than three
segments would increase routing complexity without significant
benefits. The width-to-height ratio of the folded placement can be
estimated as 𝑟 =

max(𝑊1,𝑊2,𝑊3 )
3𝐻𝑝

, where 𝐻𝑝 denotes the maximum
column height in the 𝑛-stage pipelined placement. Thus, the op-
timal 𝑝, 𝑞 = argmin |𝑟 − 𝑟𝑡 |. By merging columns from 𝑆1, 𝑆2 and
𝑆3, the 𝑛-stage pipelined placement can be folded into 𝑚-column
folded placement. For segments containing fewer than𝑚 columns,
gates with the same logic stage can be assigned to different columns,
enhancing the flexibility of placement. In the𝑚-column folded place-
ment, nodes are reassigned to merged columns, which determine
both the height of the folded placement and the vertical minimum
lengths of data connections.

To balance column heights and minimize vertical wirelength, we
propose an MILP-based method for column-by-column reassign-
ment of logic gates. For each column 𝑖 , let 𝑉 𝑐𝑎𝑛𝑑

𝑖
denote the set of

candidate nodes that can be assigned to column 𝑖 . For 𝑣 ∈ 𝑉 𝑐𝑎𝑛𝑑
𝑖

, a
binary variable 𝑥 (𝑣) is introduced to indicate whether 𝑣 is assigned
to column 𝑖 . If 𝑥 (𝑣) = 1, node 𝑣 is assigned to the current column;
otherwise, it is included in the candidate set for the next column,
and a dummy for data propagation is inserted in the current column.
For the initial column 0, 𝑉 𝑐𝑎𝑛𝑑

0 = 𝐼 ∪𝑉𝑞 . For 𝑖 ≥ 1, 𝑉 𝑐𝑎𝑛𝑑
𝑖

is the set
of nodes connected to nodes assigned in column 𝑖 − 1. As shown in
Fig. 4, once column 𝑖 − 1 is fixed , it follows that𝑉 𝑐𝑎𝑛𝑑

𝑖
= {𝑔4, 𝑔6, 𝑔7}.

Since 𝑔6 is not assigned to column 𝑖 , a data dummy (𝑑1) is inserted
to represent the data connection of 𝑔6 traversing column 𝑖 , with
dummy heights ℎ𝑑 equal to the physical size of the PTL. Therefore,
the height of column 𝑖 can be expressed as

𝐻𝑖 =
∑︁

𝑣∈𝑉 𝑐𝑎𝑛𝑑
𝑖

ℎ(𝑣) · 𝑥 (𝑣) + ℎ𝑑 · (1 − 𝑥 (𝑣)). (4)

To obtain an optimal reassignment, we formulate the following
mathematical model for column 𝑖:

min |𝐻𝑖 − 𝐻𝑎𝑣𝑔 | +
∑︁

𝑣∈𝑉 𝑐𝑎𝑛𝑑
𝑖

∑︁
𝑢∈𝐷𝐼 (𝑣)

|𝑦 (𝑢) − 𝑦 (𝑣) |, (5)

𝑠 .𝑡 . 0 ≤ 𝑦 (𝑣) ≤ 3𝐻𝑝 ,∀𝑣 ∈ 𝑉 𝑐𝑎𝑛𝑑
𝑖 (6)

𝑦 (𝑢) + ℎ(𝑢) − 𝑦 (𝑣) ≤ 𝑀 · (1 − 𝑏𝑢,𝑣),∀𝑢, 𝑣 ∈ 𝑉 𝑐𝑎𝑛𝑑
𝑖 (7)

𝑦 (𝑣) + ℎ(𝑣) − 𝑦 (𝑢) ≤ 𝑀 · 𝑏𝑢,𝑣,∀𝑢, 𝑣 ∈ 𝑉 𝑐𝑎𝑛𝑑
𝑖 , (8)

where the objective function is to balance column heights and mini-
mize the vertical wirelength of data connections. 𝐻𝑎𝑣𝑔 denotes the
average column height, calculated as

∑
ℎ (𝑣)
𝑚 , 𝑣 ∈ 𝑉 . 𝑀 denotes a

sufficiently large constant set to 3𝐻𝑝 to ensure constraint validity,
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Figure 5. Vertical placement refinement of the 𝑖-th column, where the
red line highlights the optimal placement solution.

and 𝑏𝑢,𝑣 is a binary variable indicating the relative vertical order
of nodes 𝑢 and 𝑣 , where 𝑏𝑢,𝑣 = 1 indicates that node 𝑢 is placed
above node 𝑣 . Equation (7) and Equation (8) ensure that any two
nodes assigned to the same column do not vertically overlap. The
absolute value terms in Equation (5) are linearized using standard
auxiliary variable transformations to convert the problem into a
standard MILP formulation. After solving the problem with an MILP
solver, the column and vertical positions of the logic gates in the
folded placement are determined.

4.3 Clock Distribution Generation
Following the column merging, we propose a heuristic method for
clock distribution minimizing the potential vertical matching length
required for timing alignment. The method aims to place the clock
input of each node as close as possible to the vertical center of its
data inputs, thereby reducing the vertical distance that clock signals
must traverse. For a node 𝑣 with 𝐿(𝑣) = 𝑖 , all nodes 𝑢 satisfying
𝐿(𝑢) = 𝑖 − 1 are sorted by their vertical positions 𝑦 (𝑢) and assigned
sequential indices. The clock pulse source for 𝑣 is defined as the
node corresponding to the average of the indices of its data inputs
𝑢 ∈ 𝐷𝐼 (𝑣). As shown in Fig. 4, node 𝑔4 receives data inputs from
𝑔1 and 𝑔2, which have indices 1 and 2, respectively. Thus, the clock
pulse of 𝑔4 is sourced from node 𝑔1 with index ⌊(1 + 2)/2⌋ = 1. For
node 𝑔6 with a single data input 𝑔3, the clock pulse is sourced from
node 𝑔3 with index ⌊3/1⌋ = 3. The PTL segment crossing column 𝑖

is represented by a clock dummy 𝑐1 for clock propagation.

4.4 Vertical Placement Refinement
After generating the clock distribution, the next objective is to op-
timize the vertical position of each node to minimize TVWL while
satisfying timing constraints. However, for the 𝑚-column folded
placement, considering only the relative ordering of nodes within
each column 𝐶′

𝑖
entails

𝑚∏
𝑖
|𝐶′
𝑖
|! possible orderings, incurring sub-

stantial computational overhead, particularly for large circuits. To
address this challenge, we observe that the wirelength determined
by the vertical position of node 𝑣 can be expressed as

𝑊𝑣 =



𝑙𝑣𝑐𝑣 + 𝑙𝑚𝑐
𝑣 +

∑︁
𝑢∈𝐶𝑂 (𝑣)

(
𝑙𝑣𝑐𝑣,𝑢 + 𝑙𝑚𝑐

𝑣,𝑢

)
+

∑︁
𝑢∈𝐸𝑑 (𝑣)

(
𝑙𝑣𝑑𝑢,𝑣 + 𝑙𝑚𝑑

𝑢,𝑣

)
, 𝑣 ∈ 𝐺,

𝑙𝑣𝑐𝑣 + 𝑙𝑚𝑐
𝑣 +

∑︁
𝑢∈𝐶𝑂 (𝑣)

(
𝑙𝑣𝑐𝑣,𝑢 + 𝑙𝑚𝑐

𝑣,𝑢

)
, 𝑣 ∈ 𝐷𝑐 ,∑︁

𝑢∈𝐸𝑑 (𝑣)

(
𝑙𝑣𝑑𝑢,𝑣 + 𝑙𝑚𝑑

𝑢,𝑣

)
, 𝑣 ∈ 𝐷𝑑 .

(9)

where 𝐶𝑂 (𝑣) denotes the set of nodes that serve as clock outputs of
𝑣 . 𝐸𝑑 denotes the set of nodes that serve as data inputs or outputs of
𝑣 . 𝐷𝑐 and 𝐷𝑑 denote the sets of clock dummies and data dummies,
respectively. According to Equation (9), the impact of node 𝑣 on the
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Algorithm 1: JSPlace algorithm.
Input: A path-balanced netlist 𝑁 (𝑉 , 𝐸 ) , target width-to-height ratio 𝑟𝑡 ,

iteration 𝑅.
Output: A corresponding legal placement.

1 Assign gates to 𝑛 gate columns based on their stages.
2 Randomly initialize the positions of nodes within each column.
3 Fold the 𝑛-stage pipelined placement at column 𝑝 and 𝑞.
4 Form𝑚-column folded placement by merging columns based on MILP.

for 𝑟 ∈ [1, 𝑅 ] do
5 Generate the clock distribution.
6 for column 𝑖 ∈ [0,𝑚] do
7 Vertical placement refinement for column 𝑖 .
8 Repositioning the nodes within each column.

TVWL depends only on its own vertical position and the vertical
positions of its fanin and fanout nodes, with no dependence on other
nodes in the same column.

Therefore, we propose a dynamic programming (DP)-based al-
gorithm that optimizes the vertical positions of nodes column by
column. The algorithm determines the vertical positions of nodes
in column 𝑖 under the assumption that node positions in all other
columns remain fixed. To efficiently compute optimal placements
within column 𝑖 , it preserves the relative ordering of nodes in col-
umn 𝑖 and introduces a hyperparameter 𝛼 to bound their allowable
vertical positions. The value of 𝛼 controls the trade-off between
solution quality and computational efficiency: a larger 𝛼 provides
more flexibility but increases the DP state space. In our experiments,
𝛼 = 50 provides a good balance. Specifically, the nodes in column 𝑖

are sorted in ascending order of their current vertical positions and
denoted as 𝐶′

𝑖
=

{
𝑣1, 𝑣2, . . . , 𝑣𝑘 , . . . , 𝑣 |𝐶′

𝑖
|
}
. For each node 𝑣𝑘 ∈ 𝐶′

𝑖
,

its vertical position 𝑦 (𝑣𝑘 ) restricted to [𝑦 (𝑣𝑘 ) − 𝛼,𝑦 (𝑣𝑘 ) + 𝛼]. Con-
sidering the non-overlap constraints, the set of feasible candidate
positions for node 𝑣𝑘 in column 𝑖 is defined as:

𝑃𝑘 = {𝑦𝑘,𝑐 | 𝑦𝑘,𝑐 ∈ [𝑦 (𝑣𝑘 ) − 𝛼,𝑦 (𝑣𝑘 ) + 𝛼] ∩ [
𝑘−1∑
𝑗=1

ℎ(𝑣 𝑗 ), 𝐻𝑓 −
|𝐶′

𝑖 |∑
𝑗=𝑘

ℎ(𝑣 𝑗 )]}, (10)

where 𝑐 = 1, 2, . . . , |𝑃𝑘 |. 𝐻𝑓 denotes the maximum column height in
𝑚-column folded placement. Based on the set of candidate positions
𝑃𝑘 for each node 𝑣𝑘 in column 𝑖 , the DP-based algorithm constructs
a weighted directed graph N𝑖 for column 𝑖 .

As shown in Fig. 5, the graphN𝑖 includes vertex sets {𝑠, 𝑡} ∪ 𝑃1 ∪
· · · ∪ 𝑃 |𝐶′

𝑖
| , where source 𝑠 connects to all vertices in 𝑃1, and all ver-

tices in 𝑃 |𝐶′
𝑖
| connect to sink 𝑡 . The weights of edges connecting to 𝑡

are set to zero. Edges exist from any vertex𝑦𝑘,𝑐 ∈ 𝑃𝑘 to𝑦𝑘+1, 𝑗 ∈ 𝑃𝑘+1
only if 𝑦𝑘,𝑐 + ℎ(𝑣𝑘 ) ≤ 𝑦𝑘+1, 𝑗 , ensuring no vertical overlap between
nodes. Each outgoing edge from 𝑦𝑘,𝑐 is assigned a weight 𝑤 (𝑦𝑘,𝑐 )
representing the cost associated with placing node 𝑣𝑘 at position𝑦𝑘,𝑐 .
The edge weight 𝑤 (𝑦𝑘,𝑐 ) is defined as 𝑤 (𝑦𝑘,𝑐 ) =𝑊𝑣𝑘 (𝑦𝑘,𝑐 ), where
𝑊𝑣𝑘 (𝑦𝑘,𝑐 ) corresponds to𝑊𝑣𝑘 when the position of 𝑣𝑘 is 𝑦𝑘,𝑐 . The
optimal vertical positions for all nodes 𝑣 ∈ 𝐶′

𝑖
correspond to the path

from 𝑠 to 𝑡 with the minimum sum of edge weights. To find this path,
we propose the following DP algorithm:

𝑑𝑝 [𝑘] [𝑦𝑘,𝑐 ] =


min
𝑦<𝑦𝑘,𝑐−ℎ (𝑣𝑘−1 )

(
𝑑𝑝 [𝑘 − 1] [𝑦] +𝑤 (𝑦𝑘,𝑐 ), 𝑑𝑝 [𝑘] [𝑦𝑘,𝑐 ]

)
, 𝑘 > 1

𝑤 (𝑦𝑘,𝑐 ), 𝑘 = 1
. (11)

Table 1. Placement results for priority.

Method 𝑟𝑡 H(mm) W(mm) A(mm2) Ratio TVWL(mm) Time(s)
JPlace[6] / 9.24 103.95 960.50 11.25 106192.01 265.77

Ours

2 19.46 39.17 762.25 2.01 69789.15 522.01
1.33 21.9 37.61 823.66 1.72 61896.57 233.07
1 22.24 41.74 928.30 1.88 82062.86 534.45

0.75 21.09 39.20 826.73 1.86 73518.04 653.00
0.5 22.24 43.53 968.11 1.96 95324.70 529.37

For 𝑘 = 1,𝑑𝑝 [1] [𝑦𝑘,𝑐 ] is initialized to𝑤 (𝑦𝑘,𝑐 ). For 𝑘 > 1,𝑑𝑝 [𝑘] [𝑦𝑘,𝑐 ]
represents the minimum cumulative weight for placing nodes 𝑣1 to
𝑣𝑘 with 𝑣𝑘 at𝑦𝑘,𝑐 . Theminimum value in the array𝑑𝑝 [|𝐶′

𝑖
|] identifies

the path with the least cumulative weight, and the vertices on this
path correspond to the optimal vertical positions for each node. By
backtracking through the 𝑑𝑝 array, the algorithm determines the
optimal vertical positions for nodes in column 𝑖 .

4.5 Connection-Driven Repositioning
Although vertical placement refinement improves computational
efficiency by fixing the relative order of nodes within each column,
it restricts the solution space. To achieve a higher-quality placement,
we propose a connection-driven repositioning method. As indicated
by Equation (9), the contribution of a node to TVWL is determined by
the vertical positions of its data fanin and fanout nodes. Specifically,
the larger the vertical minimum length and the vertical matching
length between node 𝑣 and a connected node 𝑢, the greater the influ-
ence of 𝑦 (𝑢) on the contribution of 𝑣 to TVWL. Thus, we reposition
node 𝑣 based on the vertical minimum lengths and vertical matching
lengths of its data connections. The new vertical position of node 𝑣
after repositioning can be expressed as:

𝑦 (𝑣) =

∑
𝑢∈𝐸𝑑 (𝑣)

(𝑙𝑣𝑑𝑢,𝑣 + 𝑙𝑚𝑑
𝑢,𝑣 ) · 𝑦 (𝑢)∑

𝑢∈𝐸𝑑 (𝑣)
(𝑙𝑣𝑑𝑢,𝑣 + 𝑙𝑚𝑑

𝑢,𝑣 )
(12)

After repositioning, the relative ordering of nodes within each col-
umn is also changed, enabling a further iteration of vertical place-
ment refinement that transcends the fixed-order constraint and ex-
plores higher-quality placements.

4.6 Time Complexity Analysis
Algorithm 1 outlines the complete flow of our shape-controllable and
length-matching RSFQ placement algorithm, where 𝑅 denotes the to-
tal number of iterations. In the initial placement phase, logic gates are
assigned to columns according to their logic stages (line 1). They are
given random vertical positions (line 2), forming an𝑛-stage pipelined
placement in 𝑂 (𝑉 ) time. Next, an MILP-based column merging step
folds the pipelined placement into the𝑚-column folded placement
(line 4), incurring a runtime of 𝑇𝑀𝐼𝐿𝑃 . The clock distribution (line 5)
is then generated with a complexity of 𝑂 ( |𝑉 | 𝑙𝑜𝑔 |𝑉 |). Vertical place-
ment refinement (line 7) employs dynamic programming within
each column, requiring 𝑂 (𝛼2 |𝑉 |) time. Finally, nodes are reposi-
tioned based on the vertical wirelength of their data connections
(line 8), updating their relative ordering within each column. Thus,
the per-iteration complexity is𝑂 (𝛼2 |𝑉 | + |𝑉 |𝑙𝑜𝑔|𝑉 |). Since 𝛼 = 50 is
a small constant in our experimental setup, the overall runtime of
JSPlace is 𝑇𝑀𝐼𝐿𝑃 +𝑂 (𝑅 · |𝑉 |𝑙𝑜𝑔|𝑉 |).
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Table 2. Comparison between our placement algorithm and the baselines with 𝑟𝑡 = 1.33.

Circuit Folded JPlace[6] Folded SA[17] Ours
H(mm) W(mm) A(mm2) Ratio TVWL(mm) Time(s) H(mm) W(mm) A(mm2) Ratio TVWL(mm) Time(s) H(mm) W(mm) A(mm2) Ratio TVWL(mm) Time(s)

c432 5.39 10.44 56.27 1.94 4680.89 10.202 6.28 12.66 79.50 2.02 5495.96 27.086 6.29 7.95 50.01 1.26 3887.06 14.880
c880 9.38 12.5 117.25 1.33 6648.39 12.132 6.95 17.17 119.33 2.47 8900.75 40.679 8.98 9.12 81.90 1.02 4735.76 26.996
c1355 10.89 6.92 75.36 0.64 4392.48 11.696 7.58 9.19 69.66 1.21 4575.55 15.220 8.61 5.94 51.14 0.69 3302.69 16.880
c1908 7.65 10.62 81.24 1.39 5104.93 8.903 6.87 15.72 108.00 2.29 7179.07 32.106 9.27 8.03 74.44 0.87 4286.43 23.528
c3540 21.39 19.89 425.45 0.93 23841.76 28.010 21.39 27.46 587.37 1.28 32577.25 231.413 23.01 14.9 342.85 0.65 16681.84 36.102
c5315 41.98 31.33 1315.23 0.75 83016.93 88.636 34.46 64.09 2208.54 1.86 117734.21 674.344 44.82 27.73 1242.86 0.62 60953.09 703.617
c6288 19.01 22.8 433.43 1.20 50681.41 18.242 15.68 32.02 502.07 2.04 50288.98 131.038 17.55 21.58 378.73 1.23 41427.47 53.780
c7552 37.44 48.16 1803.11 1.29 65480.96 128.521 38.5 91.33 3516.21 2.37 147977.04 730.788 37.4 29.76 1113.02 0.80 62257.93 186.279

int2float 5.88 5.54 32.58 0.94 2363.59 3.260 5.88 6.44 37.87 1.10 2484.9 15.600 6.65 4.66 30.99 0.70 1795.21 5.492
sin 48.97 62.27 3049.36 1.27 275088.99 393.855 55.18 140.87 7773.21 2.55 796191.08 4135.644 51.88 65.55 3400.73 1.26 302681.92 532.632

priority 22.97 48.19 1106.92 2.10 119583.64 266.728 20.91 135.44 2832.05 6.48 161545.98 713.909 21.9 37.61 823.66 1.72 61896.57 233.069
adder 49.7 70.76 3516.77 1.42 246476.61 1005.598 42.07 281.48 11841.86 6.69 667605.38 3213.573 45.63 56.85 2594.07 1.25 180908.81 696.271
max 84.05 167.04 14039.71 1.99 1036629.30 1892.337 98.81 642.55 63490.37 6.50 3512722.13 16061.986 86.18 128.36 11062.06 1.49 492620.67 1471.111

multiplier 131.92 327.36 43185.33 2.48 6162456.35 1386.161 80.82 815.98 65947.50 10.10 8690331.82 14094.452 114.04 412.16 47002.73 3.61 6693944.69 5029.944

Ave. ratio 1.00 1.22 1.22 / 1.34 0.69 0.91 2.48 2.32 / 2.33 3.67 1.00 1.00 1.00 / 1.00 1.00

5 Experimental Results
5.1 Experimental Setup
JSPlace is implemented in Python and evaluated on an Intel(R)
Xeon(R) Gold 5218R CPU with 128 GB of memory. The gate-level
netlists are first synthesized using the ABC tool [3] and then DFFs
are inserted [24] to achieve path balancing. Gate dimensions and
timing parameters are derived from the ColdFlux RSFQ standard
cell library [20]. All gates are modeled as composite gates with a
uniform layout width of 90 µm in placement. The MILP problems
are solved column-by-column using Gurobi 12.0 and a time limit of
600 seconds per column.

Both JSPlace and the baseline methods employ the same param-
eters 𝑅 = 100 and 𝛼 = 50, which are empirically determined to
provide a good balance between solution quality and computational
efficiency. All methods terminate automatically after five consecu-
tive iterations without improvement. The layout width is estimated
as described in Section 4.1.

5.2 Benchmarks and Baselines
The experiments employ combinational benchmark circuits from
ISCAS85 [12] and EPFL [1]. All comparisons are conducted under
a target aspect ratio 𝑟𝑡 = 1.33, which approximates common reti-
cle aspect ratios in semiconductor manufacturing, unless otherwise
specified. We compare JSPlace against two baselines. The primary
baseline is JPlace [6], a state-of-the-art multi-stage pipelined place-
ment algorithm for RSFQ circuits. For further evaluation, we also
apply the same folding strategy described in Section 4.2 to partition
the placement generated by JPlace into three segments, where the
𝑖-th column of each segment is directly merged with the 𝑖-th column
of the other segments. Since JPlace was not designed for folding, this
naive column-by-column merging serves as a baseline to isolate the
contribution of our MILP-based optimization.

Additionally, we also compare our algorithm with an SA-based
multi-stage pipelined placement method [17]. This SA method first
pairs logic gates within the same column, and during each perturba-
tion, simultaneously adjusts multiple gate pairs to enhance search
efficiency and minimize TVWL. The SA parameters follow the orig-
inal work [17]: 10 iterations per temperature step, a cooling rate
of 0.95, a termination temperature threshold of 0.01, and an initial
temperature of 100. The resulting multi-stage pipelined placement

from SA is also processed using the same three-segment folding
strategy to serve as a baseline for comparison.

5.3 Performance Results
TABLE 2 presents a comparison of placement quality between our
placement algorithm and the folded baselines, where ‘H’ is the layout
height, ‘W’ is the estimated layout width, ‘A’ is the layout area, and
“Ratio” denotes the width-to-height ratio of the layout.

Compared to the folded JPlace placement, our algorithm exhibits
a 26.37% higher average relative error with respect to the target
width-to-height ratio but achieves 15.37% and 21.36% reductions in
layout area and total vertical wirelength, respectively.

Compared to the folded SA-based placement, our algorithm re-
duces the average relative error to the target width-to-height ratio
by 77.12%, while reducing layout area and total wirelength by 45.65%
and 46.43%, respectively, along with a 54.34% decrease in runtime.
Results of Different Ratios. TABLE 1 compares placement quality
between our algorithm and JPlace on the priority circuit (a medium-
scale circuit with 17778 gates and 215 logic stages) under varying
target width-to-height ratios. Our algorithm achieves significantly
better control over the layout width-to-height ratio compared to
JPlace. While JPlace produces a highly elongated layout with a ratio
of 11.25, our algorithm achieves a ratio of 2.01 when 𝑟𝑡 = 2, demon-
strating excellent shape control. When the target ratio is further
reduced, however, the realized ratio decreases only marginally. This
limited reduction is likely due to the length-matching constraints
of RSFQ circuits, which restrict the minimization of total vertical
wirelength and thus limit the achievable reduction in layout width.
For all tested 𝑟𝑡 , our algorithm reduces the TVWL by an average of
27.94% and the layout area by 10.27% on the priority circuit.

6 Conclusion
This paper proposed the first shape-controllable and length-matching
placementmethod for RSFQ circuits.We fold themulti-stage pipelined
placement into three segments and merge columns via mixed-integer
linear programming. Then, dynamic programming determines op-
timal vertical node positions to minimize wirelength. Connection-
driven repositioning further refines placement by adjusting node
positions based on data connection lengths. Experiments on ISCAS85
and EPFL benchmarks show our method effectively controls the lay-
out aspect ratio while improving wirelength and layout area.
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