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Abstract: There is no freely available HDL module / library that
calculates square root. To solve this problem this paper is present-
ing a modified Verilog RTL module to calculate square root that is
simulated on ModelSim and Quartus Prime. The algorithm used is
a CORDIC algorithm. Since the algorithm is a bit-wise processor,
the accuracy is rather high, i.e. £0.00002 magnitude of error with
[16.16] fixed point format, while the duration is rather long at 0.5us
for the same fixed point format.
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1. Introduction and Motivation

Square root is the reverse function of square, i.e. the multi-
plication a number with itself. Even though squaring is easy
but square root is rather hard to compute since it is not repre-
sentable as a finite polynomial. However, square root appears
in many calculations like hypoteneus, bearing, 3D spherical
distance, etc. Hence there is a need for square root imple-
mentation on HDL (hardware description language) so that
such calculations can be done on hardware.

2. Related Work

Some significant work had been done on producing digi-
tal hardware circuit to calculate square root. Yunong et al.
for example wrote it using MATLAB Simulink to model
and verify the different GDS models for computing square
roots scalar towards the final result of field programmable
gate array (FPGA) and application-specific integrated circuit
(ASIC) realization [1]. John O’Leary et al. explain that hard-
ware implementation can be very effective if it is transformed
from square root of non-restoring integer. It also discusses
about multiple level of abstraction of performing square root
function with various techniques [2]. Y. Chandu et al. dis-
cuss that Dvanda yoga is an ancient Vedic script used to find
square root function and binary digit is used in this principle.
32 binary bits of input and 16 binary bits if output is used to
perform this function. It is implemented in Verilog and run it
in Xilinx 14.5 software [3].

This paper on the other hand is presenting a work in [4] by
Burinieamman J. to implement square root function in Ver-
ilog on Quartus Prime using a direct bit-wise CORDIC algo-
rithm which normally used to calculate trigonometric func-
tions bit-by-bit [5]. The work in [4] however was focused on

ModelSim simulation and faced a problem in Quartus soft-
ware and the delay had to be estimated. This paper shows an
improvement in the code that it can be simulated with Quar-
tus Prime.

3. CORDIC Algorithm for Square Root

CORDIC is the name given to the family of vector rotating al-
gorithms that can be reduced to bit-wise data manipulations.

3.1 Pseudocode and C/C++ Algorithm

This algorithm is the algorithm that checks the bits in result
register one-by-one if it should be set to 1 or reset to 0. This
algorithm can be written in C/C++ as shown in Listing 1 for
8-bit integer [6]:

int sqgrt (int x)

{
int base, i, vy;
base = 128;
y = 0;
for (i = 1; i ${<}$= 8; i++) {
y += base;
if ((y*y) ${>}$ x) {
y —= base;
} base >>= 1;
} return vy;
}

Listing 1. Pseudo-C Code for CORDIC Square Root

The work presented in this paper is basically converting the
above code into an HDL code in Verilog.

3.2 Data Flow Design

The next step in the RTL (register transfer level) design is
to construct a data flow for the algorithm given in Listing 1.
One modification was made on the algorithm by removing
the reverting subtraction to simplify the algorithm. This can
be done since we can use a comparator and only add y with
base if y * y is less than or equal to x. The resulting circuit is
in Figure 1. The controller part of the RTL design reduces to
a counter of mod-m + n (total bits in input).
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Figure 1. RTL Design of Square Root CORDIC System with Data Flow Details

3.3 Coding Methodology

The summary of coding strategy for this algorithm is as fol-
lows!.

3.3.1 Data Unit: Assignments at Operation Junctions

For the data unit, the coding was done by writing assignments
at a few essential operation junctions. The details follow in
this subsection.

3.3.2 Control Unit: A Mod- (m+n) Counter

For the control unit, it was coded as a single round counter
to count m+n (total number of bits in the input) clock pulses
starting at the falling edge of Start signal. Once the count-
ing complete, it stops and the St op signal raised.

3.3.3 Gated Clock for Data Unit

Data unit will be triggered with clock that is gated with con-
trol unit’s stop signal as shown in Listing 2. This is to ensure
no operation take place when control unit issues stop signal;
this behavior can also save power in the data unit.

assign dataClock = sysClock & ~Stop;
Listing 2. Gating Data Unit Clock

1The complete and running code of this project is published in GitHub
with full documentation

3.3.4 Phase Shifted Clocking

If it is a registered assignment in data unit, it is triggered by
the negative edge of the gated clock. The counting process
in control unit, on the other hand, will be counting at positive
edges of the system clock. This phase shifting in triggering
registers between control and data units is performed in order
to allow some propagation delay of signals from control unit
into the data unit.

3.3.5 Shift Register

This is the shift register that shifts the single bit 1 to be added
into accumulator in normal operation, or initialized to only
one bit 1 at the beginning.

always@ (negedge dataClock)
begin
OneShReg = (init == 1) ? (1 << 31)
OneShReg >> 1;
end

Listing 3. Shift Register Operation

3.3.6 Square Root Accumulator

This is the accumulator that stores the square root result. It is
either to be added with the one bit 1 from shift register or not,
depending on whether or not the addition results in a value,
when squared, is less than or greater than the input.
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always@ (negedge dataClock)
begin
Sgrt = (init == 1) 2?2 O
((gt == 0) ? Sgrt : AddedSqgrt);
end
Listing 4. Result Accumulator Operation

3.3.7 Input Register

This register is to latch the input value so that it constant
throughout the process.

always@ (negedge dataClock)
begin
InputReg=(init==1)? Input : InputReg;
end
Listing 5. Input Register Latching

3.3.8 Adding, Squaring and Fixed Point Bit Restoration

The squaring result needs to reduce the number of bits so
that the processing is kept at the same bit size throughout
the process. This is done by flushing out the right hand side
(LSB) n bits (the fraction part of the fixed point format).

assign AddedSqgrt=0OneShReg + Sqgrt;
assign SgrtRest=(AddedSqgrtxAddedSqgrt)>>16;
Listing 6. Adding, Squaring and Bit Restoration

3.3.9 Comparator

The comparator checks if the square is greater than the input.
This status is used to select the multiplexer input at accumu-
lator.

assign gt=(SgrtRest > InputReg) ? 1 : 0;
Listing 7. Comparison Status

4. Simulation and Results

This paper is to publish the combined results of ModelSim
simulation from the [4] and the new results of Quartus Prime
simulations. Tabulated progressive ModelSim simulation re-
sult is in Table 1.

As a bit-wise manipulation algorithm, it is expected that
this algorithm produces a very high accuracy result that only
depends on the number of bits used in the output register. At
[16.16] fixed point notation, the magnitude of error is around
2716 =0.0002.

The result of Quartus Prime simulation is in Figure 2. This
gives the average delay for computation at each clock as 17ns
and total delay of that amount times the number of bits pro-
cessed, which is 17x 32 = 0.544 s for [16.16] fixed point.

5. Conclusions

The work in this paper provides a freely available open source
HDL code for one of the most common non-polynomial func-
tion, i.e. square root, that appears in many formula calcula-
tions. With this charitable contribution, it is hoped that re-
search community would make a progress in designing more
complicated digital system that involves heavy computations.

55

Table 1. Sample Simulation Result of Square Root of 2000.45

start clk Sh.lft top Result
Register
0 0 X 0 0.000000
1 1 X 0 0.000000
1 0 8388608 0 0.000000
1 1 8388608 0 0.000000
1 0 8388608 0 0.000000
1 1 8388608 0 0.000000
0 0 4194304 0 0.000000
0 1 4194304 0 0.000000
0 0 2097152 0 0.000000
0 1 2097152 0 0.000000
0 0 1048576 0 32.000000
0 1 1048576 0 32.000000
0 0 524288 0 32.000000
0 1 524288 0 32.000000
0 0 262144 0 40.000000
0 1 262144 0 40.000000
0 0 131072 0 44.000000
0 1 131072 0 44.000000
0 0 65536 0 44.000000
0 1 65536 0 44.000000
0 0 32768 0 44.000000
0 1 32768 0 44.000000
0 0 16384 0 44.500000
0 1 16384 0 44.500000
0 0 8192 0 44 .500000
0 1 8192 0 44.500000
0 0 4096 0 44.625000
0 1 4096 0 44.625000
0 0 2048 0 44.687500
0 1 2048 0 44 .687500
0 0 1024 0 44.718750
0 1 1024 0 44.718750
0 0 512 0 44.718750
0 1 512 0 44.718750
0 0 256 0 44 .718750
0 1 256 0 44.718750
0 0 128 0 44.722656
0 1 128 0 44.722656
0 0 64 0 44.754609
0 1 64 0 44.754609
0 0 32 0 44 .725586
0 1 32 0 44 .725586
0 0 16 0 44.726074
0 1 16 0 44.726074
0 0 8 0 44.726318
0 1 8 0 44 .726318
0 0 4 0 44.726318
0 1 4 0 44.726318
0 0 2 0 44.726379
0 1 2 0 44.726379
0 0 1 0 44 .726379
0 1 1 0 44 .726379
0 0 0 0 44.726379
0 1 0 0 44.726379
0 0 0 1 44.726379
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Figure 2. Quartus Prime Timing Diagram of the Entire Square Root RTL System

The result in term of accuracy and error follow the ex-
pected values according to number of bits, in this case it is
2716 for 16-bit fraction. The delay also depends on the to-
tal number of bit processed times the per clock delay that is
mostly due to the squaring process that is around 17ns each.
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