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Abstract : This work comes within the scope of developing an automated linear axis that will be used in a no
production machine. The axis needs prese control over the linear movement, calling for a sen-controlled motor.
There are many types of motors that can be used, starting from inexpensive stepper motors, up to engive and
performant multi pole permanent magnet synchronous motorsThe projeci calls for a servo drive that will be able tc
deliver a power output within 200 to 600 Watts, with an efficiency of over 80%. Brushless DC motors offer ma
possibilities within this range of powers with outstanding price/performance ratios. Open source [ojects like
TinyMovr, Vesc andODrive propose highly performant software stacks that are used extensively within robotic
communities. These open software solutions need adequate hardware platforrto perform. The scope of thiswork
is the description of the steps taken tc design the printed circuit boardon which the ODrive servo motor contro
firmware can be implementec, from the signal integrity point of view. Under normal cost constrains, the PCB woul
have been implemented using a minimum of four coger layers. It is the aim of this design to fulfil a stricter cos
constrain that only allows for a two layer board to be use

Keywords : PCB, servo driveSlanalysis, motor control,ODrive

[. INTRODUCTIONM

The design takes the most economical path forward while maintaining the right amount of quality need to achieve
a good motor control. The schematics were designed following ttproducer’s guidelines, ODrive schematic 3.5 anc
own axis requirements. The PB designisbuilt from ground up. The main parts of the schematic are based on ST
STM32F405 microcontroller, TI's DRV8301 three phase driver and on ON Semiconductor's NTMFS4C022N
MosFet The design follows the ODrive microcontroller pinout to ensure rmware compatibility. As PCB design is ¢
much of an art as it is a science, finding a perfect solution is almost never possible. Fast tramsief today’s chips
generate a large amount of high frequencies harmonics which in turn bring upon the desigi an increasing amount
of problems. Crosstalk, electr-magnetic interference, ground bounce, refctions, plane resonance and many othe
issues turn the design decision making into an extremely complex problem. Dealing with a very higma@unt of
constrains,some of which are opposing one anothe, finding a solution is about identifying the least troublesome ot
of a pool of bad designs. Going wrong is tthorm, going right is the exception. In this grey scenario, there is sor
light. Powerful simulation environments may guide the designer in his quest by pointing him into theght direction
and this work is making a vast use of them as all steps along the wwill be guided by Ansys SiWave, HFSS a
Electronics Desktoj. Good design practiceare also an excellent provider of compressed knowledge and ht.
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. METHODOLOGY
The electronic schematic is being developed first. The design draws heavily on ODriv@'s sdhematic. There are
however significant differences regarding the brake chopper schematic, power distribution, absencE@AN bus and
IO header layout. In order to organize the electronic components, they were grouped together aroutiteir
corresponding ICcomponent. This makes the placement faster and more comprehensive. The rules of placement are
based on maximizing cooling effect, minimizing tracks length and crossing, efficient power distribah and
minimizing PCB area. After the initial placement, theomponents may be repositioned as to minimize crosstalk and
EMI effects. As these effects may only be determined after placement, repositioning is inevitableking the process
an iterative one. Along the way, the initial solution may change as more insigis gained during simulations and
analysis.

After initial component placement, the routing of the tracks begins. The routing is performed accand to the
following track priorities:

- Oscillator

- PDN- decoupling caps

- Analogfeedback signals
- PDN- power and ground
- SPI

- Encoder

-PWM

- Debugging interface

- Power Stage

-10's

- Temperatures

-USB

Oscillator signals are routed first as they need to follow stringent rules. The signals have fasiged that require
minimal length, impedance and good shielding. Any perturbance on these lines has a direct effect on
microcontroller's execution cycles jitter.Power distribution needs to be addressed next and namely the decoupling
capacitors. Their placement is vital to correcbperation of the electronic chips and they are directly responsible for
most EMI issues and ground bounce. The placement of these devices is straight forward as the rutesckear and
well documented in the technical data sheets of the electronic compontsnthey serve and in many books. What
needs to be carefully though of are the number, capacitance and dielectric type. These variable$ lvél determined
using Ansys SiWave’s Pl Advisor.

Next in line of priority are the analog feedback signals. They areek in assuring proper motor control. Any
perturbance will be immediately felt and a false response of the servo algorithm will be issued. Tsignals have high
impedance and are therefore very easily disturbed by external factors. This aspect gains in impace since these
signals lay in the proximity of the noisy oscillator lines. Simulations will tell how big the impacis and how the
negative effects may be mitigatedAt this moment all the last details of the power distribution need to be addressed.
The strategy for the power and ground needs to be found along with the means to implement it. Po$sifground
topologies include linear, star, plane, etc. The VRM will also be routed at this sta§@l comes next. The signals
include high speed clock andlata lines that have fast edges. Given the fact that the SPI bus is daisy chained and that
the distances that need to be covered are relatively high, routing these signals will pose a sigaifit challenge. Most
likely they will appear to the most neighboing signals as aggressors. Careful routing is required to reduce the
impact. Again, electromagnetic simulations will provide vital insight information about the magnitud of the induced
crosstalk.

We now move on to the two encoder interfaces. Each has #& data lines, A, B and Z (index). Although fast edges are
not required, in order for the signals to maintain low delays between the actual angular movement thfe motor and
the movement detection, most encoder chips rely on fast edges. The signals tratebugh tracks, connectors and
cables. This makes simulation complex and extremely time consuming. Under these circumstances, tiadyais will

be conducted only for the board tracks, while the rest of the elements will be checked together chgiprototype
testing. PWM signals carry the motor rotation information from the microcontroller to the power stage. The g&d of
the signal edges can be chosen from four different types, from slow to fast. Slow edges are prefemsace they
produce the minimal amouwnt of EMI, crosstalk and reflections. The input buffers of the power stage can cope with
distorted signals, so they can accommodate different paths easily. Care should nevertheless be exesb that the
signal distortion is not large enough to produce pude width changes, as these will have a severe impact on the
achieved accuracy of the motor rotation.The PWM signals from the microcontroller are transformed by the
DRV8301 into high current mosfet drive signals. These signals must have short tracks, wigleough to support the
current charge and discharge of the gate capacitance and must interfere as little as possible witle &nalog feedback
from the current shunts.
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The debugging interface provides the means to download and execute the program sequelhi during program
debugging. It is only used during initialization of the board and in development stages. The signadgjuire special
attention due to fast bus rates and fast edges, but the 10 pins may be placed at locations thatd@signer finds most
convenient. The microcontroller accepts up to 8 user defined 10’s. Most of them will be used for event signalitige
end stops, drive enable, etc. Four of them though need to have special predefined functions suctSi&p and
Direction Signals for the o motor drives. These signals may have frequencies up to 50 kHz. How fast the edges of
these signals are, depends upon the controlling device, but low speed edges are expected givindothdrequency of
operation. However, short direct tracks are desiredor these tracks too, as much as the board layout will permit at
the time of routing. The ODrive firmware supports the use of temperature feedback from the power stage. These
temperatures are used to determine specific warning and alarming thresholds. Asmperature is a relatively slow
evolving physical characteristic these types of signals support significant software filtering andalibration. They
have no possibility be produce crosstalk due to very low signal changes and currents and may toleraignificant
amount of interference. Therefore, special care in the case of these signals is not required othmt general routing
rules to ensure a clean design.

USB interface is a troublemaker in almost all designs. Fast data rates come together with &dges that need to be
addressed early on in the design phases. Placing these signals at the lowest priority level may seender these
circumstances a little bit odd. The reason behind the low priority of these signals is the fact thiiis interface is
seldom used. Apart from program download and some troubleshooting, the interface does not carry aignals. The
high probability of this interface of becoming an aggressor is simply mitigated by the fact that dog the normal
operation it is not in use.The signals are routed as differential pairs with an overall impedance of 90ohm with an
error margin of 10%. Ansys HFSS will be used to calculate the impedance of the tracks and vias basedrack
geometry and layer stack definition, along with disturbanes that are to be expected in the nearby track$here is a
need to conduct many analyses and simulations in order to understand the behavior of the routed sidgrand gain
information in form of numerical data. As we study the electromagnetic effects tfie tracks and we determine the
crosstalk, EMI, reflections and power noise, a question comes to mind. How much of these quantiteacceptable?
There is no general answer to that question as each type of signal will require a different signalatity margin.
Generally, the higher the routing priority is, the less noise the signal can accept. We can say age of thumb that
the noise margin from low to high would be acceptable if it lies from 1% of the signal swing for lhigoriority signals,
t015% of the signal swing, for low priority signalg1].

In order for the simulations to be as accurate as possible, a realistic characterization of the Offers are needed.
These can be found in form of IBIS filedr{put/Output Buffer Information Specification). Both STM32F4052]and
DRV8301 [3]have IBIS files already prepared by their manufacturers. Ansys SiWave and AEDT/HFSS used for
simulation purposes in this work support this file format as well. A complete signal loop is formed by using IBIS
characterization at voltage source and at current sink, having the extractedParameters of the routed tracks, vias
included, in between. This technique also allows multiple tracktbe simulated at once. Complete H, E, J fields are
also computed with the help of the full wave 3D solver in Ansys HFSS, providing powerful visual andgnerical clues

to the electro-magnetic phenomena involved both for near and far field4].

lll. SIGNAL INTEGRITY
Before a signal integrity analysis can begin, an initial layout must be completed. Since thermakef§ have an
outstanding impact on electronics performance and a careful judgement of PCB layout is critical, gaments with
high power dissipation were identified, their power loss quantified and based on a set of rules, awto dissipate the
generated heat into the surrounding environment was found.

Figure1 PCB Draft Layout
The placement ofcomponents is based on the heat distribution analysis along with the electrical and mechanical
constrains of the design.
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By considering the extra space needed to route the signals and most importantly the power tracespagh sketch of
the board placementis produced. The optimum board size was found to be 190mmx120mrfigure 2 shows the
simulation results for top and bottom of the draft layout. In orde to keep the board under 100 degC, external means
of heat removal are needed: external forced air, heat sinks or both.

Temperature
[cel]

Temperature
[cel]

1242239
118.6080
112.9940
1073791
849194
79.3045
l 456148 I
40.0000

Figure 2 PCB heat mépnn double sided PCB with 1 thermal via per 4mm2T op" view (left) and Bottom vi{éﬂ\'/:/miright)
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The power integrity of the board needs to be addressed next, becauak logic devicesneed to be providedwith
adequate electric energy and a stable voltage reference for exchanging of information in the formboth digital and
analog signals. The dard is supplied by a single source named DCBUS. Its voltage level lies within 12 to 24VDC,
where 20VDC is preferred. Each of the two servo interfaces my use up to 600W of electrical powertts DCBUS
must be able to supply at least 1.2kW. The DCBUS ustlier stepped down to 5VDC by the onboard regulator
included in the DRV8301. The 5V is used by the LDO to supply the 3.3V needed by the microcontrolfestor
encoders and analog circuitry. Since this power source is shared between digital and analoguiry, care has been
exercised during layout and decoupling calculationsvith help from Ansys Pl Advisor. Adequate capacitance was
provided and during DCIR analysis the total power loss along the power traces was optimis&ignal integrity (SI)
analysis deals with the quality of information transmitted and received in the form of analog electrical qudities.
The information may represent discrete states, as on or off, or continuous values. To describe aaigthe models of
transmitter, transmitting channel (called interconnect in Sl terminology) and receiver must be extracted.

In high-speed digital design, signal integrity is paramount as it brings techniques to understand why signal
distortions occur, and how adverse effects can be mitigated. As dai signals rely on square waves to transfer
information, the high number of harmonics included in the square wave undergo different changes iespect to their
frequency. The changes may come in the form of signal amplitude or time shift (phasg8)jgnal integrity analysis
defines areas of interest that may provide clues to signal degradation. The most important areas amgpedance
differences along the transmission path, electromagnetic coupling or crosstalk, frequency responsedaexternal
noise. Impedance differences along the path the signal is traveling may be the effect of different width of tes¢
characteristic properties of vias such as hole and pad sizes, improper receiver terminations, distionities such as
device pins or return path of thecurrent. At each change in impedance a reflection will occur that leads to signal
distortion. Frequency specific attenuation occurs as waves of different frequency that travel alotige same path
encounter a different resistance. The higher frequency wavesill mostly travel on the surface of the conductor,
while the lower ones will also use the core. Dielectric loses are frequency dependent, which meaattthe higher
frequency waves may see a different resistance than the lower ones while propagating aliog for different
attenuation. Crosstalk occurs when the magnetic or electric field of some traces or components @dlaggressors)
couple onto another trace (called the victim). Near end crosstalk (NEXT) occurs near the transmittef the
aggressor, whie far end crosstalk (FEXT) occurs near the receiver of the aggressor. Noise refers to the cumutativ
effects of the external factors that affect the signal. Of critical importance, as mentioned in firevious paragraph, is
the power induced noise. Mostlyground bounce may have a powerful effect. This is why PI analysis is also of
outmost importance in maintaining the signal integrity.

Some of the most versatile and used tools in the study of signal integrity §4é:

TDR- Time domain Reflectometry— gives direct clues of the magnitude of the impedances that the traveling signal
encounters as well as where particular impedanceoccur along the transmission path

Eye Diagram-is a time domain toot gives direct clues about the quidty of the signals in terms of attenuation, time
delay, jitter and noise

S parameters—it is a frequency domain tool provides information about the amount of energy that passes through
a channel and the amount of energy that is reflected back as a €tion of frequency; this tool may also be used to
fully characterize entire PCB traces

Crosstalk analysis— gives powerful clues in regard to the influence other traces have on our analyzed trace. The
influence is caused by capacitive and inductive couplin in other words how E and H fields transfer energy between
traces producing noise and degrading signal quality
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E and H Field< ultimately the magnetic and electric fields are responsible for the propagation of the electric was
Seeing the vector fiels and their associated amplitudes provides one of the most revealing images of the phenom
involved and trains the brain of the designer to think in fields and waves and not in currents andhiages

In order for the simulations to be as accurate apossible, a realistic characterization of the /O buffers is neede
This can be found in form of IBI[5] data (Input/Output Buffer Information Specification). Both STM32F40[2] and
DRV83013] have IBIS files already prepared by their manufacturers. Ansys SiWave and AEDT/HFSS use(
simulation purposes in this work support this file format as well. A complete signal loop is formely using IBIS
characterization[6] at voltage source and at current sink, having the extractec-Parameters of the routed tracks, via
included, in between. This technique also allows multiple tracks to be simulated at oni

Transmitter TX PCB Trace andeturn Receiver R

IBIS S Parametel IBIS
Figure 3 Time domain simulation setup using IBIS and-Parametet
A. General crosstalk map
Using ANSYS SiWave we can determine the amount of crosstalk available at board level. This angig®isdes a map
of crosstalk and allows an easy identification of hotspots. The analysis is split in two. First ormlled Near Enc
Crosstalk- NEXT, is taing into account the amount of crosstalk the channel is receiving at the drivers end, while t
second one, called Far End Crosste- FEXT, is taking into account the amount of crosstalk at the receiver’s el

Figure 4 Board Level Crosstalk- NEXT (Near End Crosstall-left; FEXT (Far End Crosstalk- right

The places where the significant crosstalk occurs are highlighted in red. We see that the far endsstalk has the
most impact and is concentrated around the areas wherthe PWM signals are routed. Further individual analysi
will be carried out at trace level to identify the magnitude and impact of the crossta

B. Analog signals analysis

Motor current feedback are analog signals of prime importance for the good functioning of the eleatic device, sc
proper routing is mandatory. The analog feedback sent from the two DRV8301 to the MCU analysec first. Two
phases for each motor are sanled by the DRV chips. The result of TDR analysis for these signhals are describe
Figure 5. It can be observed that each trace has a starting impeda between 60 and 80 ohm and that at the end th
impedance matches the series resistor. The impedance is seen from the IC1 (STM32) side down to [Cf
(DRV8301). The first impedance peaks in the plots are caused by broken ground plane under the siguaths, a
downside of the 2 layer PCB approach. In the case of MO_SO1, M1 _SO1 and M1_S0O2, there are nodisttirbances
in the signal flow, so the impedance slowly goes to 22ohm, the value of the terminating resistor. M2 on the othe
hand, has 2 additioial vias on its path. These induce further two small peaks at the end of the line, before resting
22ohm as well. In the plot, the impedance of the vias is smaller than expected and this could beseduby the
simulation resolution. TDR analysis does not tell us much in the case of the above analog signals. We can detel
how current loops are formed and how neat thedesign is, but nothing about the integrity of the signals themselve
This is because the analog signals have very slow edges and behave like DC currents in the overvihglmumber of
scenariosWhat does make a huge difference is the crosstalk. These <@ls are more prone to signal degradatiol
then the digital ones due to their high impedance and therefore low currents, which may degrade & éasier. When
we look at the PCB design we see that there are lots of concerns. The very noisy PWM lines as 's even noisier
oscillator lines are routed in the vicinity of the current feedback: The fact that the design does not have separa
digital and analog grounds and that there even may be a few vias that may be shared by the returrrents of both
types ofsignals is quite alarming

IJIRAE:: ©201+21, AM Publications, Indie- All Rights Reservec Page-352



I g 1Y
% EEE é International Journal of Innovative Research in Advanced Engineering (IJIRAE) ISSN. 2349-2163

IRRE Issue 12, Volume 8 (December 2021) https://www.ijirae.com/archives
Waveform at TDR Probe ANSYS Waveform at TDR Probe ANSY: Waveform at TDR Probe ANSY! Waveform at TDR Probe ANSYS
150.00 Curve info 17500 7 Curve Info 160.00 37 Curve Info 140,00 Curve Info
= O(AM0_SO1_8_1:zl) ] — O(AM0_S02_9_12) — O(AM1_S01_10_1:2l) — O(AM1_S02_11_1:2l)
Transient1 15000 -] Transientt 14000 3 Transient! 12000 Transient!

]
=
|
2
|

121) lohm]

100.00

2 g
1 |

80.00 -

(AM1_SO1_10,

! 60.00

O(AM1_S02_11_121) [ohm]

ol

40.00

e o T 0.00 T 0.00 T
0.00 0.50 1.00 150 2.00 0.00 050 1.00 1.50 2.00 0.00 0.50 1.00 1.50 2.00 0.00 050 1.00 150 200
Time [ns] Time ins] Time Ins] Time [ns]

Figure 5 TDR Analysis of processed current feedbacks; from left to rig—M0_SO1, MO_SO2, M1_S0O1, M1

The signal integrity analysis will now focus on these point We will start with the oscillator lines. The board leve
crosstalk does not show a big impact. Because the oscillator lines are very noisy, we will neveréissl conwuct an
analysis. Shows the resulFigure 6 shows the plot and the layou

L ';H_'}JT.ME M0_=0 —

Figure 6 Crosstalk: Oscillator line vs current feedback (MO_SC-left; layout —right

The analysis shows a moderate impact on the analog line, as the maximum induced noise has a maxiwfulemyV.
The space and the ground pour in between seem to have a positive iact. Next, we will verify the impact of the
PWM signal on the analog lines. We will once again use the MO_SO1 line as victim. We will chooaggaessor the
PWM line that sits closest: MO_CL. We should expect similar results on MO_SO2. The result iented in Figure 7.

X
I+

¢
{lﬂ
¥
.4

B

Figure 7 Crosstalk between PWM lines and MO analog lin

The crosstalk analysis indicates around 2 mivolts of induced voltage. This value is gained by using a 3.3V pu
with a 2ns raise time, which is the slowest SiWwave would accept for this type of analysis. In reglithe rise time of
the pulse is twenty-five times slower. Bearing this in mind we ca conclude that the magnitude of crosstalk is withir
reasonable limits. We may safely assume 0.1mV. When we scale 45A to 3.3V we get 0.1mV to be anoémoound
0.15%. Since we have more PWM lines firing almost at the same time, we need to multiply error with 6. The total
error induced by crosstalk rises to ~1%. This is not a great result. Since the frequency of the P\pidses is relatively
low at 24kHz, even with a minimal pulse length, we have enough time to wait for the PWM signals &ach their
peaks and then check the analog inputs, effectively mitigating the negative effects of crosstallotigh software The
M1_S1 and M1_SO2 signals have significant lower coupling then the signals we just analyzed, asatedidy the
crosstalk map, so we ca assume the same or better results. This is why we will not proceed with their det:
investigation.
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C. PWM Signals Analysis

The PWM signals carry the commutation information to the motor driver. The signals need to keep aht
synchronization to ensure sfe and precise motor control. A quick check of the traces parameters is a good s
point. Figure 8 shows the traces lengths, delays and impedances he MO_Ah signa

Layer [T (leghime)  [Ocybsl [ Z0hes) | To Fef, Lave |
Ml W0 AH
Path: Pin FLC_XYZ_FICT:41_1 > Pin RLE_XYZ_1LKC3:17_1 (Lengih: 78 0173 mm)
Top Layes Mhzmatpy 241158 14323 13734 WA
Teg_Larpad Mt b1 ] 121037 137314 HiA
Teg Layer Przafin 0 34 3887 1734 ik
Tog Layer Pleatrsy 1.3 101916 140 72 HiA
Tep _Larper Meesatsg paif ity 13554 127314 WA
T _Lirjwr Mesatin 17558 104 733 137314 HiA
Teg_Larpes Peatirey 2 172857 140 762 Mk
Beniern _Larped Faalrsy 233058 18 5633 b W1 Ak
Betieen_Larper Pleatirsy 2 45000 41 501 747051 WA
Beticem _Lirper Peatrsy X7 158113 T4, 7051 HiA
Battisn_Larper Peatiiey 1.268632 € 5027 s Mk
Betigen _Lapes Fleatry 2537l 12 5336 4.8 WA
Betieen_Lirper Pleatrsy 16336 & 1003 747081 WA
Boticm _Lirper Pty BL56346 2 TE4 T4, 7051 Mk
Battirn_Larper Fleatiey 231319 14707 b B3] Mk
Tag_Lireds Faatry [l frur - v 035437 140 72 WA
Tep_Layer Fleatrs 0 EPEREE 313604 140 762 Wk
Tog_Liryer Paatrsy QeSS TE 4034 140 762 Mk
Tep_Lirpes Flautiey (ke et ) Q156325 140 762 Mk

Figure 8 MO_AH- trace characterization in tabular forrr

T T Top Layer T ¥
= e I — i W
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NET1_VIA_S2

L)

000OTZT

Figure 9 PWM trace (MO_AH) characterizatio

Figure 9shows thetransmission line characterization of the MO_AH signal. BotFigure 8 and Figure 9 provide vital
clues to the designer, in terms of electrical characteristicof the signal path. These inputs are key to fault finding ar
later to design optimization

CrackEya Eye Pigt 8 yem—— 11 ]

Figure 10 MO_AH- Quick Eye analysi
Figure 10 helps identifying possible signal degradation at receivers end. The Eye analysis is most usefull w
dealing with digital transmission channels. Since PWM signals do not fall too far away from suchnsilg, such ar
analysis was conducted. can be seen, that due to the low speed of the PWM signals, no significant degrade
occures.
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Figure 11 MO_AH PWM line TDR analysis (left), tracks (rigt

The TDR plot of the MO_AH trace is showing the impedances seen by signal as it travels from IC1 to IC3 a
follows: the impedance is getting high right at the beginning as the return current does not flow beath the signal
line, creating a magnetic field whose variation leads to the generation of a current flow that ofses the signa
propagation; the first two spikes correspond to the vias along the signal path followed by a bridgénere the return
current has to deviate from the optimal line of flow again; next the impedance lowers as the sigmald return flow in
an optimal way until the return current has to jump through two vias from bottom layer to top and back geerating
the next two spikes; the impedance lowers again and another spike is formed as the return currentshia go around
a trace on the bottom layer; athe end there are some fluctuations caused by the oscillation of the remanent enel
on the line.

Voitage Wavetorm at Receiver -

nslemsing-3 Voltage Waverorm at Keceiver  Fusl_swaaal anar |

N Ty

Curve Info

—— VIMO_AH_17_1_RLC XVZ,1IC3)
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M2 045 050 055 060 ot 049 050 052 054 056 058 060 06

Figure 12 SParameter (left), high raise time signal (middle), low rise time (right

We need to understand how the trace impeance is going to affect the end signal, so the attenuation of the sig
harmonics is needed. This investigation is carried out with the help of S parameter analysis.Figure 12 we can see
the attenuation of the full signal spectrum. The higher the signal rise time, the higher the harmosithat will need to
be taken into consideration will be. We need to choose thrise time carefully as not to generate exaggerate
harmonics and to still provide a signal that is accurate enough to produce precise motion of the mitThe same
figure gives us clues regarding the impact of the rise time. The two cases presented araeeme cases: the fastest an
the slowest rise time programmable on the outputs, using IBIS data. We will choose a rise time tfals in between
the two and is closer to the slowest one. This will give us almost no distortion and enough inforrat accuracy for
the driver to produce a precise commutation signe

l“h__,i_ e

Figure 13 Crosstalk of PWM line- traces involved (left), crosstalk overlay (middle), voltage induced (right

Another point of concern is the impact the noisy SPI bus s on the PWM lines that run along. The traces and t
impact the noisiest of the signals, SPI_CLK has on MO_AH are presenteFigure 13. The voltage nduced is almost
100mV which is significant, but acceptable. The rise time of the SPI lines is set under 0.2ns wiséctoo fast. The rise
time will be reduced to approximately 1ns which will in turn reduce the induced voltage, producingditer results.
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IV.NEAR, FAR AND CURRENHIELDS

Figure 14 MO_AH- E field

Figure 15 MO_AH E field graphical representation and detail

The study of the signals would not be complete without understanding the magnitude and the distriiah of the
electrical and magnetic fields. The plot ifrigure 14 shows the total E field alongside the field distribution on X, Y and
Z directions. The peak around 1MHz shows the impact of the broken ground plane near IC1. This igrect effect of
using a 2 layer board. The crowded areas will suffer fromohg return paths that generate higher electromagnetic
fields that allow energy to leak to neighboring areas causing crosstalk. The peak values identiffealvever do not
cause excessive disturbances, as already revealed by the analyses already condu€igdre 15 brings further visual
clues to the distribution and magnitude of the electrical field at its peak value along the signahth. It can be
observed that the hot spots are directly related to intersecting tracks on top and bottom layer that createot ideal
return currents. Throughout the design, the return paths were carefully analyzed and acceptable siduns were
found in each case, most of thertie by changing the reference plain from bottom to top with minimal impedance
increase.

Figure 16 MO_AH- H field
Figure 16 and Figure 17 show in a powerful visual way the generated magnetic field around MO_AH at 1HIhe
same observations that were applicable to the electric field are also valid for the magnetic fiel@ne notable
difference is in the way the fields behave along the space axes. The electric field has its mainpmrant in the z
direction, while the magnetic field has its main component along the x and y axéssys HFSS also allows the study
of the far fields and its associated EMI emissionBigure 18 plots the magnitude along thespace axes. Based on these
analyses thebehaviour of the board can be described. Sensitive areas may need reengineering to mitigate excessive
emissions. A complete investigation must also consider the amount of interference the system is ateaccept
wit hout degrading its level of functionality.Figure 19 plots the induced voltage caused by an electromagnetic field
with a single incidence given by Phi=0deg, Theta=90deg and polarization EO_Phi=0 and EO_Theta=1nTdgnitude
of the induced voltage increases with frequency. Given the anticipated spectrum, no significant disturbances are to
be expected.
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Figure 17 MO_AH H field graphical representation and detail

Figure 18 MO_AH Electromagnetic Far Field magnitude vs Frequency (upper left); total field magnitude (upper
right); total magnitude polar (lower left); magnitude X polar (lower right)

Figure 19 Impact of external EMI on MO_AH signal
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The same analysis needs to be repeated with various incidences to be able to gain a full perspectivihe matter
Figure 20 provides a visual clue to the density and orientation of the current paths. Considered together withe
electromagnetic field the designer can get a feeling of how the forces that act on the design lankd is able to
understand the direct and side effects those forces impose. This adds the benefit of training thaibrof the designet
into really understanding how the board operates and brings tremendous value in identifying measures to impro
the design.

Figure 20 J Field of the board at 1MH
V. CONCLUSIO

The current work handled the main steps that a designer takes to develop a printed circuit bo: from the signal
integrity standpoint. The camponents were placed first guided by the thermal characteristic of the major energ
consuming components using Ansys IcePak. Then the power supply network was analysed, decoupling laymhss
capacitors were adequately sized, and the tracks and planes lowas determined using SiWave PI Advisor ar
SiWave DC Analyzer. The integrity of the signal was studied using SiWave TDR Analyz-Parameter Analyzer,
Crosstalk Analyzer and with the help of Ansys AEDT also Eye Diagrams and Transmission Line Charaetion were
determined. The Near and Far fields were plotted at the most significant frequencies along with théield, as well a
induced voltages due to external fields using Ansys SiWave in combination with AE[ The analysis presented ir
this work had to be confined only to a few representative tracks and signals. It is understood that the rest ok
board was addressed much in the same manner the analog and PWM signals were modelled and analysgubrtant
knowledge was gained that led to the discoviy of multiple faults, like USB tacks impedance, raw analog feedbs
crosstalk, SPI speed, just to name a few. The board was changed as a result and a new revisionssaedi. The
design process rested heavily on powerful CAE Software like ANSYS IcePak,ave, AEDT and others, whos
contribution was generally appreciated as outstandinc
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