
An Area-Delay Optimized 4×4-Bit Carry-Save
Array Multiplier In 180nm CMOS Technology

Chenchen Ding IEEE Student Member

Southern University of Science and Technology
School of Microelectronics

Shenzhen, China
11912401@mail.sustech.edu.cn

Shuo Feng IEEE Student Member

Southern University of Science and Technology
School of Microelectronics

Shenzhen, China
11911736@mail.sustech.edu.cn

Abstract—This report presents a 4x4-bits array multiplier,
which has two 4-bit unsigned binary numbers as inputs, and
a 8-bit binary product of these two numbers as the output. In
this design, we implement the circuit using the 0.18-µm tsmc
technology. The supply voltage is set to 1.8V, and the load of the
8-bit bus output are 50-fF capacitors for each bit. The objective
of the project is to realize the 4x4-bit multiplier with small
area and low latency, and the post-layout delay of the circuit
is 1.0085ns and the overall area is 945.4 µm2 The procedure
of the circuit and layout design and the demonstrations of the
post-layout simulation results are reflected in the report.

Index Terms—Low latency circuits, Cadence, IC design, digital
circuit, CMOS technology, multiplier, parasitic effect.

I. INTRODUCTION

MULTIPLIERS are crucial components of the digital in-
tegrated circuit system. Since multiplication dominates

the execution time of most digital signal processing (DSP)
algorithms, there is a need of the high-speed multipliers. The
application of this module is wide, such as for convolution,
Fast Fourier Transform (FFT), filtering and in ALU of micro-
processors.

Past work has made it possible to implement arbitrary bit
multipliers, using circuit simulation as well as physical testing
of the chips. [1] suggested a fast multiplier which decreases
the latency by reorganizing the additions. [2] mentioned a
modified booth’s multiplier design which can provide higher
speed performance of multiplier than the traditional carry-
propagate array multiplier which is shown in Figure 1. Com-
plementary Metal Oxide Semiconductor (CMOS) technology
which is widely used in integrated digital circuit design enjoys
its efficient usage of electrical power.

Based on the covered knowledge in the course SME 306 and
the literature review, the delay of the multipliers, is one of the
most critical performances. Thus, we focus on the optimization
of the delay time. In addition, the small size is also important
because it makes the system much more portable. Therefore,
the motivation of this project is to design a widely used digital
circuit cell, a 4x4-bit array multiplier. Specifically, our team
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Fig. 1. Design of carry-propagate array multiplier

aims to realize a small-area and low-latency 4x4-bit array
multiplier. In this work, the design of carry-save multiplier
describe in [3] is applied and our design is formed by the Full-
Adder, Half-Adder and And logical circuit in complementary
design (figure 2).

The Section II will give the objectives of our design; the
advantages of the adopted structure will be given in Section
III; the Section IV is the analysis for each cell; and Section
V presents the layout and the simulation results of the overall
structure.

II. PROBLEM FORMULATION

The project provides a schematic and layout design for a
4×4-bit array multiplier. The two 4-bit unsigned input numbers
X and Y are set to X[3:0] and Y[3:0], respectively. 8-bit



Fig. 2. Design of carry-save array multiplier (the adopted overall circuit
structure).

output is set to Z[7:0]. A number with a subscript 0 means
the least significant bit (LSB).

The performance, power and area (PPA) are the evaluation
criteria of the circuit design. Pursuing higher rates means
more complex logic, which may make the area increase; while
pursuing smaller areas may bring poorer performance (too
much latency), which is a trade-off. In this work, we aim to
design a Performance-Area balanced 4×4 unsigned multiplier
in a reasonable power consumption.

The upper bound of execution speed an the power con-
sumption of multipliers are mainly limited by two factors:
semiconductor process, and multiplier architecture. The
area of a design is mainly influenced by sizes of transistors
and the layout design. In this work, 0.18-um technology is
used and the circuit structure is based on CMOS logic circuit,
which is covered in the course of SME 306.

A. The determination of standard cells

The adopted multiplier consists of the blocks: Full Adder,
the Half Adder and the And Gate. The overall structure
contains these equivalent-height cells, which has been well
placed and routed.

1) Schematic of And: The logical expression of And is

Y = A+B = AB (1)

Thus, we have the schematic structure of it as Figure 3

Fig. 3. The schematic of And Gate.

Fig. 4. The schematic of Half Adder.

Fig. 5. The schematic of Full Adder.

2) Schematic of Half Adder: The logical expression of the
Half Adder is

Co = A+B = AB (2)

S = (A+B) +AB = AB(A+B) (3)

Thus, we have the schematic structure of it as Figure 4
3) Schematic of Full Adder: In this project, the mirror

full adder with 28-gate structure is chosen, thus, the logical
expression of the Full Adder is

Co = (A+B)Ci + (AB) = (A+B)Ci + (AB) (4)

S = (A+B)Ci + (AB)(A+B + Ci) +ABCi (5)

= (A+B)Ci + (AB)(A+B + Ci) + (ABCi) (6)

Thus, we have the schematic structure of it as Figure 5.



III. CMOS DESIGN OF 4X4-BIT ARRAY MULTIPLIER

This section first starts by describing the overall architecture
of the circuit in gate-level. The comparison and the final
selection of the used blocks and other designs in structure
and size is also presented.

The overall structure of the multiplier that we finally
adopted is shown in figure 2. This circuit structure consists
of 12 two-input and gates, 4 half adders and 8 full adders.
As analyzed above, this architecture can reduce the latency
effectively as well as make sure that the area is small enough.
Inputs are X3 - X0, and Y3 - Y0, and the outputs are the
product of these two binary 4-bit number, and each bit is from
Z7 to Z0, respectively.

A. The Analyze of Power Consumption

The power consumption is one of the most important factor
of circuit design especially in integrated digital circuit design.
The structure of the multiplier can be: Pesudo-NMOS Struc-
ture, Transmission-Gate-Based Structure, CMOS Logic
Gate Structure, etc. In CMOS circuits, the static power
consumption is mainly the power consumption caused by the
leakage current. For a cmos circuit, there is no DC on-current
at steady state, and ideally the static power consumption is
zero. Therefore, the CMOS logic gate structure has both
the lowest power consumption and the fast performance in
the meantime. Hence, in this work the CMOS Logic Gate
structure is chosen.

B. The Analyze of Performance (Delay)

The time-delay is one of the main factors to the performance
of a digital circuit. In this part, we discuss the time-delay from
two aspects: the logical design of the 4 ×4 multiplier and the
parameter decision of the W .

1) Logical Design: Besides the traditional array-multiplier
in Figure1, [1]–[3] also provide several kinds of design of
multiplier with smaller latency. In this work, the carry-save
multiplier configuration is chosen for its efficiency of dealing
with carry bits. Comparing the critical path of the design in
Figure 6 with Figure 7, we can find the carry-save multiplier
saves 2-full-adder-delay which means the latency of carry-
save multiplier can be roughly estimated as 3/4 latency of
the conventional carry-propagate multiplier.

2) Parameter Decision: For each single transistor, the W
and L are two main parameters which decide its electrical
property. In this work, 180 nm process is used, to obtain
the fastest circuit, the L of each transistor is 180 nm. Thus,
the decision of W is vital to this design. To decide the W ,
we use the parameter analysis tool to find the best choice.
Considering the resistance matching, we firstly determine the
ratio Wp/Wn. As the carrier mobility of NMOS is always
larger than PMOS, the searching region is decided from 1.0
to 2.0. To simplify the question and to facilitate layout design,
all the Wns and Wps are set to the same for all the transistors.
Figure 8(a) shows the simulated timing waveform of output
signals when sweeping parameter Wp/Wn. And in Figure
8(b) we can find that, when ratio become larger, from 1.0 to

Fig. 6. Critical path of the conventional carry-propagate structure.

Fig. 7. Critical path of the proposed carry-save structure.

2.0, the performance of Z7 gets better but the thorn of Z6

becomes larger. After scanning the parameters, it was decided
that the ratio of 1.5 was the most suitable ratio. After deciding
the ratio, we should chose a proper Wn for each transistor with



(a) Overall waveform of the outputs. (b) Waveform of Z6 and Z7.

Fig. 8. The simulated timing waveform of output signals when sweeping parameter Wp/Wn.

Fig. 9. Simulations of the output signals of Z6 and Z7.

parameter analysis. For real circuit, the considering factors
varies, but in this project, only Resistance is extracted, hence,
this question is simplified to reduce the resistance. In previous
study we know the equivalent resistance of the MOSFET in
linear region is:

Rdson =
∂Vds
∂Ids

≈ 1

µCox
W
L (Vgs − Vt)

(7)

In this project, L is minimized to 180 nm thus, if we want to
decrease the resistance, the W should be resonablly enlarged.
In Figure 9, we can find that, if we ignore the resistance and
the capacitance of the wires, when the size of Wn becomes
larger, the delay of Z7 decreases and the delay of Z6 increases
due to the larger thorn. Although, the total delay tends to
decrease when the size gets larger, we finally choose Wn with
500 nm and Wp with 750 nm in consideration of the total area
and delay simultaneously.

C. The Analysis of Area

Area is one of the most important factor in this project,
which is mainly determined by the building-cells which is
determined by the size of W & L. In addition, the placement
and route skills are also essential for small area. In the previous
parts the size of transistors are determined, and to minimize
the layout area, the cell configuration is tightly placed based

Fig. 10. Delay data and transistors size of AND Gate.

Fig. 11. Delay data and transistors size of Half Adder.

Fig. 12. Delay data and transistors size of Full Adder.

on the design rules. The layout will be shown in the later



Fig. 13. The Pre and Post Simulation of single And Gate.

Fig. 14. The Pre and Post Simulation of single Half Adder.

chapters.

IV. CELLS DESCRIPTION AND SIMULATION RESULTS

A. Standard Cell Library

Our standard cell liblary contains three cells: AND Gate,
Full-Adder, Half-Adder cells. This section will presents a

table with the transistors sizes (both width and length in
micrometers), the delay data (output low-to-high propagation
delay tpLH , output high-to-low propagation delay tpHL, rise
time tr and fall time tf of each basic cell that is used in the
multiplier design. The definitions of the four kinds of delay
data are as follows:



Fig. 15. The Pre and Post Simulation of single Full Adder.

Fig. 16. The overall layout design of the multiplier.

• Propagation delay time tpLH : this is the time difference
between the input transition (50%) and the output level,
specifically, the output changes from Low to High level.

• Propagation delay time tpHL: this is the time difference
between the input transition (50%) and the output level,
specifically, the output changes from High to Low level.

• Rise time tr: the time for a waveform to rise from 10%
to 90% of its steady state value.

• Fall time tf : the time for a waveform to fall from 90%
to 10% of its steady state value.

The corresponding delay time data and the size of the transis-
tors in each cell are shown in figure 10, 11 and 12, respectively.

B. And Logic Gate Circuit Design
The circuit structure of And Gate is shown in figure 3, and

the size of the transistor is shown in figure 10. The simulation
of the single And Gate is shown in figure 13.

C. Half Adder Circuit Design
The circuit structure of Half Adder is shown in figure 4, and

the size of the transistor is shown in figure 11. The simulation
of the single And Gate is shown in figure 14.

D. Full Adder Circuit Design
The circuit structure of Full Adder is shown in figure 5, and

the size of the transistor is shown in figure 12. The simulation



(a) Selection of the output signal with the maximum delay of post-
simulation.

(b) The marked value of propagation delay of post-simulation.

Fig. 17. Post layout simulations propagation delay.

(a) Selection of the output signal with the maximum delay of pre-simulation. (b) The marked value of propagation delay of pre-simulation.

Fig. 18. Pre-simulations propagation delay.

Fig. 19. The layout of And Gate.

of the single And Gate is shown in figure 15.

V. 4X4-BIT ARRAY MULTIPLIER LAYOUT AND DELAY

A. Layout Display

The standard cells are shown in figure 19, 20, 21. And the
final layout of multiplier is shown in Figure 16.

Fig. 20. The layout of Half Adder.

Fig. 21. The layout of Full Adder.



TABLE I
THE SUMMARY TABLE OF THE PARAMETERS

Overall Parameters
List Description Value
WpWpWp The width of PMOS transistors 750 nm
LpLpLp The length of PMOS transistors 180 nm
WnWnWn The width of NMOS transistors 500 nm
LnLnLn The length of NMOS transistors 180 nm
ClClCl The load capacitance for all outputs 50 fF
VddVddVdd The supply voltage 1.8 V

Extraction Mode The parasitic extraction mode R Only

The lengths and widths of the layout are 51.16 um and 18.48
um, respectively. Therefore, the overall area of the layout is:

Area = 51.16× 18.48µm2 = 945.4µm2 (8)

B. Delay Analysis

The selection of the maximum delay is based on the
simulation results as shown in figure17(a). The maximum post-
layout propagation delay is marked in figure 17(b), and the
value is:

Delaypost =
tpHL + tpLH

2
=

1.074ns+ 0.943ns

2
= 1.0085ns

(9)
Next we compare the post-layout propagation delay with the

schematic level delay. The decision of the maximum delay in
pre-simulation is similar with that in post-layout simulation
(figure 18(a)). As shown in figure 18(b), the maximum pre-
simulation propagation delay value is:

Delaypre =
tpHL + tpLH

2
=

0.808ns+ 0.750ns

2
= 0.779ns

(10)
It is obvious to see that the post-simulation is much slower

than the pre-simulation, about 29%. Here we use the post-
simulation with the parameter of extracting the parasitic re-
sistor. The presence of the parasitic resistor makes the time
constant RC increase, so the latency increases and the cor-
responding propagation delay increases. The schematic level
circuit simulation tool does not take the parasitic effect of
placement and route of layout into consideration, so such
simulation results are not accurate.

According to [4], the parasitic resistance and capacitance
extracted based on our layout design can be critical in affecting
the actual performance of the circuit. In order to get an idea
of how the design would work from the layout, we should
perform a post-layout simulation from the extracted view.
Finally, the summery table of the parameters is shown in Table
I.

C. Some Drawbacks of the Project

Actually in project, we are asked to choose ”R Only”
when do the extract. In this situation, the parasitic capacitance
caused by the layout was ignored and not extracted. Actually
the capacitance would more severely cause the delay to this
circuit. Hence, these these tests above can’t represent the

”real performance” of this circuit design. Furthermore, in this
simulation, deviation caused by process is ignored and the
input signals are pure and ideal which is impossible to get
in real test situations. These would also leads to the huge
difference of the performance between the real circuit and
simulated circuit in this project.

VI. CONCLUSION

In the project, a 4x4-bit carry-save array multiplier with
maximum propagation delay of 1.0085 ns and total layout area
of 945.4 µm2 is presented. We compared several structures of
the multiplier and select the carry-save structure eventually.
From this project, we learned the process of IC design: from
schematic design to post layout extraction and simulation, and
developed good design techniques. Through layout design, we
learned the importance of post-layout simulation and how to
optimize the actual layout for fabrication. We encountered the
following problems. (1) the selection of the structure of the
circuit: we started to use the traditional structure, but later
found that the delay is large, so after the literature review,
we optimized to a new structure, that is carry-save structure,
although it took a lot of time, we also gained a lot. (2)
transistor size selection: we needed to iterate to select the best
size, so we chose to sweep the parameters and select the size at
the top-level (i.e., in the big structure of the multiplier). In fact,
this work is worth doing in every cell, and we will try more,
and we believe that the size selection can be further optimized.
(3) the layout can be further optimized, our current strategy
is to ensure the smallest area of different modules placement,
but did not take into account the alignment of each cell’s IO
port, which may lead to a larger parasitic situation, which
requires comprehensive consideration. Therefore, we plan to
optimize the circuit from two aspects: one is based on the
circuit itself, from the transistor size and layout planning; on
the other hand, adding more complex logic or other circuit
components to improve the circuit performance.
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