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Abstract. The quadrature processing techniques used in spectral analysis, computer graphics, and
digital communications constantly demand high-speed calculation of the magnitude of a complex
number (vector V) given its real and imaginary parts. The aim of this work is designing a digital signal
processor (DSP processor) for approximating magnitude and arctangent (phase) of vectors (and/or
complex numbers). This work can be divided into three main stages. Firstly, a mathematical model
is designed in Simulink, then using that model. Secondly, Verilog description code is generated. The
code is used to perform logic synthesis (converting the description code into logic gates) using XT018
technology (180 nm BCD-on-SOI) from X-FAB. Lastly, an ASIC (Application Specific Integrated
Circuit) is created from the logic gates. The inputs and outputs of the device are fixed-point numbers,
their length is equal to 16 bits and the fraction length is 8 bits. The proposed system can calculate

magnitude and phase with an error of less than 1 and 0.35 % respectively.
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AnHoTanusa. MeToabl KBaapaTypHOl 00pabOTKM, UCIOJb3yeMble B CIIEKTPaJIbHOM aHaIU3e,
KOMIIbIOTEPHOI rpadrke U LIU(pPOBOiA CBSI31, MOCTOSIHHO TPEOYIOT BLICOKOCKOPOCTHOTO BHIUMC-
JICHWST BEJIMUYMHBI KOMITJIEKCHOTO YHcia (BeKTopa V) ¢ y4eTOM €ro IeiCTBUTEIbHON M MHUMOM
yacteit. PaccMoTpen mmdpoBoii curHaabHbIN mpoiieccop (DSP) mrs anmpokcuMmanny BeTdn-
HBI U apKTaHTreHca (da3bl) BEKTOPOB (M / WM KOMIUIEKCHBIX ynces). PaboTy MOXHO pa3nenuThb
Ha TpU OCHOBHBIX aTamna. CHavana B Simulink co3maétcs MmaTeMaTHueckasi MOJIeJib, 3aTeM C e€
noMo1lbI0 (popMuUpyeTcst Ko onucaHust Verilog, MCTIOAb3yeMBblil [1J1s1 BBITTOJHEHUS JIOTUYECKOTO
cuHTe3a (Mpeodpa3zoBaHus Kola ONMCAHUS B JOTMYECKUE DJIEMEHTbI) ¢ IPMMEHEHMEM TTOJyTIIpO-
BomHUKOBOI TexHoyorun XT018 (180 kM BCD-on-SOI) ot X-FAB. Hakone1r, U3 ornyeckux
BeHTUIIelt co3maérca ASIC (cnenmanm3upoBaHHAs MHTerpajbHas cxema). BXoAbl M BBIXOJbI
YCTPOMCTBA MPEACTABISIOT CO00M Yncia ¢ GUKCUPOBAHHONM TOUKOM, UX JJIMHA paBHa 16 OuTam,
a apoOHasa anuHa — 8 ouT. Ilpennaraemast cucTeMa MOXET pacCUMTHIBATh aMILUIMTYLY U a3y ¢
norpetrHocTbio MeHee 1 1 0,35 % cooTBETCTBEHHO.

KiroueBblie ciioBa: aaroputM ajabga Makc IIoc 6eTa MUH, TPUOIMKEeHUE apKTaHTeHca, ObICTpoe
MpuOIMKEeHNEe BEIUYMHBI, IU(ppoBasi 00paboTKa CUTHAIOB, IM(PPOBOI CUTHAIBHBIN MpoOIec-
cop, LICIT

Jlna murapoBanusa: Assim A.A. ASIC implementation of high-speed vector magnitude & arc-
tangent approximator // Computing, Telecommunications and Control. 2021. T. 14, Noe 4.
C.7-14. DOI: 10.18721/JCSTCS.14401

CTtaThst OTKPHITOTO A0CcTyMa, pactipoctpansiemas mo juiieHaun CC BY-NC 4.0 (https://creative-
commons.org/licenses/by-nc/4.0/).

Introduction

Calculating magnitude and phase of vectors or complex numbers is useful in many areas, including, but
not limited to, AM demodulation, signal processing and image processing systems [1—9]. There is more
than one method for that purpose, but choosing the optimal method depends on the required precision,
hardware and software capabilities. For instance, calculating magnitude of a vector requires taking square
root of the squared sum of the real and imaginary components [14], as in equation:

Magnitude = \/x2 + y2 , (1)

while determining the phase requires solving arctan function [1, 4, 7], as given in

o= tan1 2, 2)
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Fig. 1. Block diagram of the high speed magnitude approximator

Both operations require a lot of arithmetic computations with floating-point numbers. That is why
approximation algorithms are introduced: they finish the same task much faster, and require less hardware
and software resources [1, 5, 13—15]. In this paper, Alpha max plus beta min algorithm is used for fast
magnitude approximation [10—15]. This algorithm can be defined by this formula [1, 3, 4]:

Apprx. magnitude ~ o.max + B.min, 3)

where max, min are the unsigned maximum and minimum values of the vector components respectively,
a and [} are constant values. The block diagram of this system is provided in Fig. 1.

The choice of o and [ values depends on the desired precision as provided in Table 1. In this work, the
last values are used, because they produce the most accurate results (maximum error is 1.0 %). The imple-
mented arctan approximation equations used in this work are provided in Table 2. The proposed method
mentioned here is quite efficient and convenient: it uses neither look-up tables nor very high-order poly-
nomials. The only issue is that all the equations in Table 2 require division. Due to the fact that division is
not a synthesizable operation in Verilog, it is not allowed to use a divider block in the mathematical model;
instead, the division function (1/x) is approximated using Taylor series expansion with center 1, as provid-
ed in the following equation:

Taylor series of 1 with center 1 = 1—(x—1)+(x - 1)2 —(x—l)3 +.... 4)
x

Table 1
Choice of alpha and beta values and corresponding error rates

a B Maximum error, %
1 0.5 11.8
1 0.25 11.6
1 0.375 6.8
0.9375 0.46875 6.3
0.9486 0.39293 5.1
1 0.4 7.7
a=1 if min < 0.375 max B=0.125 if mip <0.375 max 1.8
a=0.84375 if min>0.375 max B=1.1875 if min>0.375 max
a=0.99 if min < 0.4142135 max B=0.197 if min < 0.4142135 max 10
a=0.84 if min>4142135 max B=0.561 if min>4142135 max
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Table 2
Used equations for approximating arctangent function

Octant Arctan approximation formula
1%t or 81]1 0= %
I~ +0.281250
2" or 3¢ ezﬁ_%
2 0" +0.281251
4 or 5th 0 =sign(Q).n +%
17+0.281250

6" or 7 =21 10

T2 12102812507

Implementation of the fast magnitude approximator

The fast magnitude approximator system is given in Fig. 2, it is based on o max plus § min algorithm
[4]. An ideal (reference) model is needed to justify the validity of the proposed model. There is a special
block in Simulink for that application, namely (Complex to Magnitude-Angle), but it is not synthesizable
in practice.

An input signal is applied to the designed system in Fig. 2 for checking the performance of the mathe-
matical model. The signal consists of the summation of three sinusoidal signals with different magnitudes
and frequencies, as depicted in Fig. 3a. This input generates an output that is provided in Fig. 35. We can
see the difference between the ideal magnitude and the approximated magnitude is very little. Thus, we can
conclude that the system’s performance is valid.
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Fig. 2. Block diagram of the fast magnitude approximator (in Simulink)
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Fig. 3. The applied input signal (¢) and output signal ()

Implementation of the arctangent (phase) approximator

The structure of the arctangent function approximator system is provided in Fig. 4. The last block is a
4-to-1 multiplexer, because there are four different formulas for approximating arctangent function based
on the octants (provided in Table 2). Based on the control signal’s value, the multiplexer connects the
output to one of its four inputs.

A comparison between the ideal arctangent signal and the output signal of the arctangent approximator
system is shown in Fig. 5a, and the difference between the ideal and approximated arctangent function is
shown in Fig. 5b, the maximum error is 0.0035.
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Fig. 4. Block diagram of the arctangent (phase) approximator (in Simulink)
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Fig. 5. Ideal vs. approximated arctangent function (a) and tolerance (error) signal (b)

Realization of the Application Specific Integrated Circuit (ASIC)

Before the realization of the ASIC, the entire blocks in the system must be converted into fixed-point
numbers, so that later, the system can be defined in Verilog. The process is done by using the built-in tool
in Simulink, known as fixed-point tool. Once all the blocks’ date types are converted to a fixed-point, it
can be used to generate the Verilog code by means of HDL coder, a MATLAB tool generating a Verilog
description of the mathematical model. In addition to that, this tool transforms the input and output signal
to an array of hexadecimal numbers. This later can be used as a reference to verify that the netlist functions
correctly. The Verilog description code is used to create a netlist of the device (synthesis). In this work, Ca-
dence Encounter RTL Compiler was used to synthesize the code. The netlist is shown in Fig. 6a. The same
tool (Cadence Encounter) was used to create the layout from the netlist in Fig. 6b. (list of logical gates
and interconnects obtained after logical synthesis) with reference to the technological library: the position
of the input and output pins and the constraint file. The process of layout generation is automated, but
there are many specifications that need to be carefully specified in the tools. The chosen clock frequency
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Fig. 6. Netlist of the device (a) and layout of the DSP processor (b)
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is 10 MHz with an uncertainty of 0.05. The layout of the device is provided in Fig. 6b. Its dimensions are
(701.565 pm x 693.335 um), it requires an area of 486419.56 um>.

Conclusion

In conclusion, this research paper covers the entire process of the development of a digital device,
from writing a Verilog code (system level) to creating a layout of the device (physical level). A system for
approximating vector magnitude and arctangent using the FPGA was developed. All the main stages of de-
velopment were passed: description of a digital device in Verilog HDL language, logical synthesis of a de-
vice in Cadence RTL Compiler, layout generation in Cadence Encounter. In addition to that, functional
verification was carried out in Cadence Incisive at all the three stages: behavioral level, synthesis and layout
generation. The timing diagram results confirm the correct operation of the device, and during the stage of
layout generation, different verifications were carried out (time analyses for post-Route and SignOff stages
for both cases of setup and hold). Verifications for DRC, connectivity and geometry were performed as
well, all of them showing no violations. After its generation, the layout was imported to Cadence Virtuoso
undergoing two checks, namely DRC and LVS, which it passed successfully. Therefore, we may conclude
that the layout was generated correctly. The source codes are uploaded to GitHub, the link is provided in
Appendix, in case someone is interested in repeating the same work.

Appendix

The Verilog codes can be found in this repository: https://github.com/AraAssim/AraAssim-Vec-
tor-magnitude-and-arctangent-approximation
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