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the environment by helping to increase a battery’s is either charging or discharging and is allowed to

anticipated useful life. reach an equilibrium voltage. Measuring the amount
of charge or discharge transferred between two

CALIBRATING AN EV BATTERY points allows the BMS to update its internal estimate

The BMS in an electric vehicle (EV)
works similarly to a portable smart
battery, but the driver is relieved of
calibration. We ask: “Why does my
smart battery need calibration while
the EV goes free?” The answer lies in
self-calibration that applies to both
EV and smart batteries featuring
impedance tracking.

Self-calibration utilizes given field
opportunities that occur naturally
to establish SoC orientation points

(SoC-OP) as shown in Figure 4. These

points are established when the battery Figure 4: SOC orientation points are set and readjusted with opportunity
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The modern smart battery self-calibrates when given the
opportunity during a charge or undisturbed discharge if given

sufficient rest in between to establish the SoC-OPs.

of capacity. Self-calibration works best when the

SoC-Ops are spaced far apart.

A low SoC-OP typically occurs at the end of a day

or after a full discharge. A deliberate delay before
charging will provide the required rest period to
solidify the low SoC-OP; a rest after a full charge sets
the high SoC-OP to complete self-calibration. These
functions occur naturally during normal use and can
be augmented by a thoughtful battery user.

EV batteries use a similar principle, a method that
can also be enhanced with clever timing between use
and charge by the vehicle owner. Because of the flat
discharge curve of a Li-ion battery in the mid-SoC
range, the best SoOC-OP locations are below 30% and
above 70% SoC. The LiFePO (LFP)" in the lithium
battery family has a very flat midrange curve, but the
more popular NMC has a measurable mid-charge tilt.
Knowing these characteristics, an EV battery can be
calibrated without tools by following this procedure:

1. Apply a deep discharge by driving the extra
mile. Be mindful when at a low charge state
as the vehicle’s indicated range can be oft by as
much as 30%. Extreme low SoC is noticed when
acceleration becomes sluggish. Do not drive further

as the battery enters a high-stress mode. The driver
can also get stranded.

2. Atlow SoC, allow the battery to rest for
4 to 6 hours before beginning a charge. Ensure
that the car is in deep-sleep mode by disabling all

auxiliary loads.

3. After the allotted time, charge the battery to
between 80% and 100%. Avoid ultra-fast charging
as this causes added stress. Level 1 and 2 EV

chargers work well.?

4. After charge, allow a 2- to 4-hour rest with no load
on the battery. All Li-ion chargers apply a topping
charge that will agitate the rest. A deep-sleep rest
must have zero current for two hours.

Calibration can improve range prediction by up

to 80km (50 miles), but the service may need to

be repeated. Some service centers provide formal
calibration for given EVs but this is expensive and
time-consuming. Battery calibration is recommended
once or twice a year and when buying a used EV.

CALIBRATING ENERGY STORAGE SYSTEMS (ESS)

Batteries in energy storage systems (ESS) share
similarities with the EV battery in that the
installation contains modules of serial and parallel-
connected cells managed by a BMS. Most ESSs are
monitored by observing cell voltage, load current,
and temperature. Voltage and current measurements
enable SoC and Ri readings, but capacity assessment
to determine the end-of-life on capacity is not
attainable. Some ESSs include artificial neural
networking® by “massaging” big data to assess SoH.
Self-calibration with impedance tracking can also be

used for ESS applications.

CAN BUS

The SMBus is not the only communication channel for
a smart battery. The controller area network (CAN Bus)
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is a vehicle bus standard that allows the battery to
communicate with a host system. Developed by
Robert Bosch in 1983, the CAN Bus is primarily
used in hybrid vehicles, including e-bikes, drones,
and robots.

CELL BALANCING

With thousands of cells connected in series and
parallel,* a cell imbalance can occur in time. Best cell
balancing® happens at the battery assembly plant by
using quality cells that are tightly matched in capacity.
Cell balancing is not as effective as calibration because
the weak cells remain weak, even after being fully
charged. Cell balancing does not correct a battery
pack in the same way calibration does.

CONCLUSION

The modern smart battery self-calibrates when given
the opportunity during a charge or undisturbed
discharge if given sufficient rest in between to
establish the SoC-Ops. The best results are achieved
by applying a formal calibration with specified rest
periods on a battery analyzer. Periodic calibration is
also recommended for the EV. The smart battery is
indeed smart but, left under-serviced, the reading can
get off by 10 to 20%. Unless regularly calibrated, SoC
and FCC data of portable batteries should be taken as
reference readings only. @
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CHINA'S LATEST REGULATION ON
2.4 GHz AND 5 GHz EQUIPMENT

MIIT 2021 No. 129 Updates China’s Requirements for Multiple Types of Radio Services




By Grace Lin

n October 13, 2021, the Ministry of
O Industry and Information Technology of the
People’s Republic of China (MIIT) issued
MIIT 2021 No. 129, “Notice on Strengthening
and Standardizing the Radio Management of
2400 MHz, 5100 MHz, and 5800 MHz bands.” This
regulation came into effect on January 1, 2022, with
a two-year transitional period.

SCOPE

MIIT 2021 No. 129 applies to equipment operating
in the 2400-2483.5 MHz, 5150-5350 MHz, and
5725-5850 MHz frequency bands which are allocated
for multiple types of radio services, including fixed,
mobile, radio navigation, fixed-satellite, earth
exploration-satellite, satellite radiolocation, or

space research applications. The 2400-2483.5 MHz
and 5725-5850 MHz bands are also designated

for industrial, scientific, and medical (ISM)
applications that emit electromagnetic energy, which
is subject to a different regulation. Radio stations

or equipment do not have exclusive access to or use
of the 2400-2483.5 M Hz, 5150-5350 MHz, and
5725-5850 MHz frequency bands.

The 2400-2483.5 MHz frequency band can be used
for radio communications systems utilizing wideband
radio access (including wireless local area network
(LAN)), Bluetooth transceivers, and point-to-point
transmission. The 5150-5350 MHz frequency band
can be used for radio communications systems
utilizing wideband radio access (including wireless
LAN), but is restricted to indoor use only (except
devices installed in vehicles). The 5725-5850 MHz
frequency band can be used for radio communication
systems utilizing wideband radio access (including
wireless LAN), point-to-point transmission, and
electronic toll collections (ETC).
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Grace Lin is a Regulatory Compliance Engineer at
HYTORC. Prior to joining HYTORC, she was an
EMC Staff Engineer and a TCB Reviewer at Intertek.
Lin can be reached at glin@hytorc.com.

TECHNICAL REQUIREMENTS
General Technical Requirements

'The general technical requirements under MIIT 2021
No. 129 are summarized in Table 1 on page 36.
Antenna assembly gain and beamforming gain are
taken into account for equipment employing multiple
antennas, when performing equivalent isotropically
radiated power (EIRP, P . ) and power spectrum
e,l.r,p,
density (PSDEMP.) measurements.

Radio equipment operating in the 5250-5350 MHz
frequency band must incorporate transmit power
control (TPC) and dynamic frequency selection (DFS)
functions and shall not include any feature designed
to turn off the DFS function. TPC is a feature that
enables a device to dynamically switch between several
transmission power levels in the data transmission
process. For equipment without TPC function, limits
of Pz.i.r,p and PSDZ,;.@. shall be 3 dB lower. DFS is a
mechanism that dynamically detects signals from
other systems and avoids co-channel operation with
these systems.

Wireless LAN equipment with public network
IP address allocation function shall support IPv6
protocol and enable the IPv6 address allocation
function by default.

Adaptivity

Adaptivity is an automatic channel access mechanism
by which a device limits its transmissions and gains
access to an operating channel. It is intended to

detect transmissions from other wireless LAN

devices operating in the band. To comply with the
requirements of MIIT 2021 No. 129, equipment
operating in the 2400-2483.5 MHz, 5150-5350 MHz,
and 5725-5850 MHz frequency bands shall implement

an adaptivity mechanism. Adaptivity requirements
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eirp

<20dBm

Antenna Assembly Gain > 10 dBi:
<27 dBm

Parameter Limits / Specifications
Frequency Band (MHz) 2400-2483.5 5150 - 5350 5725 - 5850
EIRP Power, P Antenna Assembly Gain < 10 dBi: <23dBm <33dBm

EIRP Power Spectral Density, PSD

eirp

1. DSSS or other Equipment:

Antenna Assembly
Gain < 10 dBi: < 10 dBm/MHz

Antenna Assembly Gain
> 10 dBi: < 17 dBm/MHz

2. FHSS Equipment:

<10 dBm/MHz

<19 dBm/MHz

<20 dBm/100kHz
Frequency Tolerance <20x10°¢ <20x10°¢ <20x 10
Out of Band Transmit Power < -80 dBm/Hz < -80 dBm/Hz < -80 dBm/Hz
Spurious Emissions ' 30 MHz - 1 GHz: -36 dBm? 30 MHz - 1 GHz: -36 dBm? 30 MHz - 1 GHz: -36 dBm?
1-12.75 GHz: -30 dBm? 1-26 GHz: -30 dBm? 1-26 GHz: -30 dBm?
Spurious Emissions " - 48.5-72.5 MHz: -54 dBm? 48.5-72.5 MHz: -54 dBm? 48.5-72.5 MHz: -54 dBm?
Special Bands 76 - 118 MHZ: 54 dBm? | 76 - 118 MHZ: -54dBm? | 76 - 118 MHZ: -54 dBm?
167 — 223 MHz: -54 dBm? 167 — 223 MHz: -54 dBm? 167 — 223 MHz: -54 dBm?
470 - 702 MHz: -54 dBm? 470 - 702 MHz: -54 dBm? 470 - 702 MHz: -54 dBm?
2300 - 2380 MHz: -40 dBm? 2400 - 2483.5 MHz: -40 dBm? 2400 - 2483.5 MHz:  -40 dBm?
2380 - 2390 MHz: -40 dBm? 2483.5 - 2500 MHz: -40 dBm? 2483.5 - 2500 MHz:  -40 dBm?
2390 - 2400 MHz: -30 dBm? 5150 - 5350 MHz *: -33 dBm? 5150 - 5350 MHz: -40 dBm?
2400 - 2483.5 MHz *:  -33 dBm? 5725 - 5850 MHz: -40 dBm? 5470 - 5705 MHz: -40 dBm?
2483.5 - 2500 MHz: -40 dBm? 5705 - 5715 MHz: -40 dBm?
5150 - 5350 MHz: -40 dBm? 5715 - 5725 MHz: -30 dBm?
5725 - 5850 MHz: -40 dBm? 5725 -5850 MHz *:  -33 dBm?
5850 — 5855 MHz: -30 dBm?
5855 -7125 MHz: -40 dBm?

Dynamic Frequency Selection (DFS)
(5250-5350 MHz only)

Not applicable

1. Detection Threshold:
<-62 dBm,

2. Detection Probability:
> 60%,

3. Channel Availability Check Time:
>60s,

4. Channel Move Time:
<10s,

5. Channel Close Transmit Time:
<1s,

6. Non-occupancy Period:
> 30 min

Not applicable

Transmit Power Control (TPC)
(5250-5350 MHz only)

Not applicable

>6dB

Not applicable

1. Detection = RMS.

2. RBW = 100 kHz

3. RBW =1 MHz

*:In band spurious emissions

Table 1: General technical requirements

DSSS:
EIRP:
FHSS:

RBW: Resolution Bandwidth

Direct Sequence Spread Spectrum
Equivalent Isotropically Radiated Power
Frequency Hopping Spread Spectrum




DECEMBER 2022 [N COMPLIANCE | 37

Channel Access Mechanism Listen Before Talk (LBT) Detect And Avoid (DAA)
Non-FHSS
Equipment Type FHSS Frame Based Load Based FHSS Non-FHSS
Equipment Equipment

CCA Observation Time >0.2% CQOT; 216 Us >16 Us >16 Us - -

1 s or5x Hopping
Silent Period - Frequencies x COT, whichever 1s

is greater
Duty Cycle of SCST <10% <10% <10% <10% -
Channel Occupancy Time (COT) <60 ms 1ms Sn(q:ST <10 <13 ms <40 ms <40 ms
Idle Period >5% COT; 2100 ps >5% COT - >5% COT; 2100 s >5% COT; 2100 ps
Detection Threshold Level (TL) TL<-70 dBM/MHz + 10 x Ig (100 mW / P ) P, EIRP Power in mw
Unwanted Signal Parameters 2395 MHz or 2488.5 MHz: -35 dBm, Continuous Wave (CW)

CCA:
FHSS: Frequency Hopping Spread Spectrum

Clear Channel Assessment

SCST:  Short Control Signaling Transmissions

Table 2: Adaptivity parameters and required specifications (2400-2483.5 MHz)

are similar to the requirements in ETSI EN 300 328
(2400-2483.5 MHz frequency band) and ETSI EN
301 893 (5150-5350 MHz, and 5725-5850 M Hz
frequency bands).

Equipment operating in the 2400-2483.5 MHz
frequency band shall implement either a “Listen
Before Talk” (LBT) or a “Detect And Avoid” (DAA)-
based channel access mechanism. Adaptivity
parameters and specifications for this
frequency band are summarized in Table 2.

Equipment operating in the 5150-5350 MHz
and 5725-5850 MHz frequency bands shall
implement an LBT-based channel access
mechanism. Adaptivity parameters and
specifications for these frequency bands are
summarized in Table 3 on page 38.

For equipment operating in the 2400-
2483.5 MHz frequency band, and not
supporting any one of the above adaptivity
mechanisms, and for the electronic toll
collections (ETC) equipment operating in
the 5725-5850 MHz frequency band, an
“equivalent usage rate” mechanism applies.
“Equivalent usage rate” (EU) shall not

be greater than 10%, as calculated by using the
following formula:

v | L™\ e
Piad mW¥ )

Where EU is the equivalent usage rate, DC is the duty
cycle, and P, is EIRP power limit.

(GRS

Expanded accredited
calibration services

= Electrical meters and analyzers

= Gauges and transducers

= Temperature TC/RTD probes,
and more

= Torgue and dimensional calipers
= Mass scales and stopwatches

&) 1866 797 4272
&= client.services@csagroup.org
@ csagroup.org
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Effective October 15, 2023, equipment that falls under the
scope of this regulation must comply with the technical
requirements stipulated in MIIT 2021 No. 129.

EQUIPMENT AUTHORIZATION PROCEDURE

Equipment authorization procedure “Radio
Transmission Equipment Type Approval” applies

to equipment operating in the 2400-2483.5 MHz,
5150-5350 MHz, and 5725-5850 MHz frequency
bands, except for low-power short range devices
(SRDs) and ISM equipment. All certified equipment
is listed on the MIIT online service platform at
https://ythzxfw.miit.gov.cn/resultQuery.

Regulations for the low power SRDs and ISM
equipment are stipulated in China MIIT 2019 No. 52.
Type approval is not required, but certain statements
must be included in the user manual accompanying the
equipment. Required technical parameters for the low-
power short-range devices (SRDs) and ISM equipment
operating in the 2400-2483.5 MHz

Effective October 15, 2023, equipment that falls
under the scope of this regulation must comply with
the technical requirements stipulated in MII'T 2021
No. 129. Prior to October 15, 2023, equipment may
comply with technical requirements stipulated in

the precedent regulations. Certificates applicable to
equipment complying with the precedent regulations
and certified after January 1, 2022 will expire on
December 31, 2025.

CONCLUSION

Technical requirements from China MIIT 2021
No. 129 are significantly different from their
precedent regulations. Complying with adaptivity,
DFS, and TPS is now required. Spurious emissions

limits apply to additional frequency bands. An EU

and 5725-5850 M Hz are listed in

Channel Access Mechanism

Listen Before Talk (LBT)

Table 4 for reference.
. Frame Based Load Based
Equipment Type Equipment Equipment
TRANSITION
. Fixed Frame Periods (FFP) 1ms < FFP < 10ms
'The requirements of MIIT 2021
No. 129 came into effect January 1, CCA Observation Time 216 s 225 s
2022, with a transitional period until Channel Occupancy Time (COT) <95% FFP <20 ms

October 15, 2023. The Regulation

X . Idle Period
supersedes previous issued relevant

>5% COT, >100s

regulations including, but not limited

SCST Transmissions

<50 within 50 ms <50 within 50 ms

to, the following four regulations:

Total SCST Transmissions Duration

2500 ps 2500 ps

1. “Notice on Adjusting 2.4 GHz

Duty Cycle of SCST <10% <10%

Frequency Band Transmit Power
Limits and Relevant Matters”

Detection Threshold Level (TL)

<-75 dBm/MHz

2. “Notice on the Use of 5.8 GHz
Frequency Band”

3. “Notice on the Special Use of

CCA: Clear Channel Assessment
SCST:  Short Control Signaling Transmission

Table 3: Adaptivity parameters and required specifications (5150-5350 MHz and 5725-5850 MHz)

Intelligent Traffic Management of
5.8 GHz Frequency Band Wireless

Short Range Communication

Systems and Relevant Matters”

4. “Notice on Use of 5150-5350 MHz
Frequency Band Wireless Access

Parameter Limits / Specifications
Frequency Band (MHz) 2400-2483.5 5725 - 5850
EIRP Power, P 10 mw 25 mW
Frequency Tolerance 75 kHz 100 x 10°¢

Systems and Relevant Matters”

Table 4: Technical requirements for the low-power SRDs and ISM equipment
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rate adaptivity mechanism is introduced. Addressing
these new technical requirements at the early stage
of product development will help shorten the overall
design cycle and speed up the introduction of new
products to China’s market. @
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CONCEPT OF A PHASOR IN
SINUSOIDAL STEADY STATE ANALYSIS

By Bogdan Adamczyk

his article introduces a concept of a phasor
which is extensively used in several EMC topics

Dr. Bogdan Adamczyk is professor and director
of the EMC Center at Grand Valley State

including electromagnetic waves, antennas, and University (http://www.gvsu.edu/emccenter)

transmission lines. The following series of articles will where he regularly teaches EMC certificate

use phasors to determine voltages and currents along courses for industry. He is an iNARTE certified
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1. SINUSOIDAL VOLTAGES Electromagnetic Compatibility with Laboratory Exercises”
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Consider a single frequency sinusoidal signal

v(t)=Vcoswt 1.1) For example,

where Vis the amplitude of the sinusoid and  is the v1(t) = 2 cos(wt +30) (1.6a)

angular frequency in radians per second, rad/. The

period 7"and the angular frequency  are related by v,(t) = —3 cos(wt — 600) (1.6b)
— w . o

T= (1.2) v3(t) = 4 sin(wt + 45) (1.6¢)

'The reciprocal of the period is the (cyclic) frequency v,(t) = =5 sin(wt — 15") (1.6d)

(in Hz)

As we will see in the next section, we often need the
sinusoid to be expressed as a cosine function with
positive amplitude, as shown in Eq. (1.6a). Therefore,
we need to be able to transform the other three forms
into the positive cosine form. To accomplish that, we

1
f=z (1.3)

The angular frequency w and the cyclic frequency fare

obviously related by could use the following trigonometric identities:

w = 2nf (1.4)  —cos(wt + 6) = cos(wt + 6 + 180" (1.72)
Let us now consider a more general expression for a sinlait -+ & = costat -+ § — 90"

sinusoid, ( ) ( ) (1.7b)
v(t) = V cos(wt + 9) (L) —sin(wt + 0) = cos(wt + 0 +90) 1.7¢)

‘Therefore, Eqns. (1.6b-d) can be expressed as

where (07 + ¢) is called the argument of the cosine
function, and ¢ is its phase. . .
unction, and ¢ is its phase v,(t) = —3cos(wt — 60°) = 3cos(wt +120°) (1.8a)

'The sinusoidal functions may, in general, be expressed

in any of the four different forms: either as a sine or

a cosine function, with either positive or negative

“amplitude” [1]. v,(t) = =5 sin(wt — 15°) = 5 cos(wt + 75°) (1.8¢)

v3(t) = 4 sin(wt +45°) = 4cos(wt —457)  (1.8b)
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Alternatively, we may use the graphical approach [2],
as follows. Consider the set of axis shown in Figure 1.
The horizontal
axis represents
the cosine, while
the vertical axis
(pointing down)
denotes the

sine. Angles are

-sin ot

@

-cos wt '\ -]180r

. +cos wmt
measured positively

counterclockwise
from the
horizontal, as in
polar coordinates.

v

+sin wt

Figure 1: Trigonometric relations

'This figure can be used to obtain a positive cosine out
of the other three forms, as follows. Negative cosine

is equivalent to positive cosine plus or minus 180°.
Positive sine is equivalent to positive cosine minus 90°.
Negative sine is equivalent to positive cosine plus 90°.

2. SINUSOIDS AND PHASORS

Consider a positive cosine function of the form

v(t) =V cos(wt + ) (2.1)

We could use its amplitude and phase to create a
related complex number

V8 = Vel 2.2)
Obviously, the complex number in expression (2.2) is
related to the sinusoid in expression (2.1). We often

say that this complex number represents the respective
sinusoid.

Is this representation useful? Extremely! Instead of
performing mathematical operations on sinusoids in
time domain (which is often difficult to do), we can
perform the operations on complex numbers, related
to these sinusoids, in complex domain (which is
relatively easy to do).

Note that the sinusoid exists in time domain, while
the complex number representing it exists in complex
domain. Therefore, they are not equal; they correspond
to each other.

Vcos(wt + ) o Vel® (2.3)

When a complex number represents a sinusoid we call
it a phasor. By representing the sinusoid as a phasor we
transform the sinusoid from the time domain to the
phasor or frequency domain.

So what is the difference between a phasor and a
complex number? Every phasor is a complex number,
but not every complex number is a phasor. Only
when the complex number represents a sinusoid, it is
referred to as a phasor.

In electromagnetic compatibility we often deal

with complex voltages and currents. These complex
expressions represent sinusoids in time domain, and
therefore are phasors. We also encounter complex
impedance, but the impedance does not represent a
time-domain sinusoid; therefore, it is not a phasor, it is
just a complex expression.

To distinguish between the time domain variables and
the complex variables, we will adopt the notation from
[3]. Complex variable will always have a “hat” above it.

A =
V=Veh=Vel (2.4)
In the above expression, the magnitude 7 and the
angle 0 are real, thus do not have “hats” but the phasor
is complex.

Given a phasor, in polar or exponential form, we can
easily determine the time-domain sinusoid corresponding
to it. For instance, if the phasor is given by

A
I=1e# (2.5)
then the sinusoid corresponding to it, simply is

A

I=1e) o i(t)=Icos(wt+6) (2.6)

Alternatively, the time-domain form of phasor
quantities may be obtained by multiplying the phasor
form by ¢/’ and taking the real part of the result.

Re {fej“"} = I cos(wt + 6) = i(t)

(2.7)
3. DERIVATIVE IN PHASOR DOMAIN
Let the time-domain sinusoid be expressed as
v(t) =V cos(wt + 0) (3.1)



Its corresponding phasor is

A p
V=ve?® (3.2)

If we take the derivative of v(#) in expression (3.1)
we will obtain another sinusoid; a negative sine
function, to be exact. That negative sine function
can be expressed as a positive cosine using the
transformations discussed earlier.

Therefore, we could create a phasor representing

it. The question we pose is as follows: what is the
relationship between the original phasor representing
v(¢) and the phasor representing its derivative?

To answer this question let us take the derivative of v(2):

ae) _

= —wV sin(wt + 8) = wV cos(wt + 6 + 90°)

’(3.3)
Thus, the phasor representing the derivative of v(?) is
WV cos(wt + 6 +90°) & wVel(6+9) (3.4)
Let’s have a closer look at this phasor.

mVej(e+9o°) = wVefeefg‘f

(3.5)
However,
e/ = c0s90° +jsin90° = j (3.6)
and therefore
" ) A
wVel9el = juVel® = jwV (3.7)
We arrived at a very important observation.
A

vit) o V (3.82)
dv(t) i, N

dt Jay (3.8b)

That is, to obtain the phasor representing the
derivative of a (sinusoidal) function, we simply take
the phasor representing that function and multiply
it by jw. What about the phasor representing the
second derivative? We simply multiply the phasor
representing the first derivative by another jo term.
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A

A
ey ., jw(jwV)=—m2V

dt? (3.8¢)

4. EMC APPLICATIONS
4.1 Electromagnetic Fields

Of major interest in EMC are the sinusoidal
electromagnetic fields with the time-domain vectors
and scalar expressions being the sinusoidal functions of
time and space.

For instance, the electric field intensity vector E in time
domain is given by

E(x,y,2,t) = [E(x,3,2,), Ey(x,¥,2,1), E,(x,y,2,t)] @.1)

where each of its components is a sinusoidal function

Ex(x,9,2,t) = Eyp cos(wt + Oyg) (4.22)
Ey(x,y,2,t) = Eyp cos(wt + Oyg) (4.2b)
E;(x,y,2,t) = Ezy cos(wt + 6,5) (4.20)
'The corresponding phasors are

E'x(x» ¥,2) = Exm20,p = Exmel®xE (4.32)
ﬁ'y(x, PoaY = By Ll = Eymejeya- (4.3b)
E,(%,7,2) = Epns60,5 = Eymeloe 4.30)

'Thus, the phasor form of the E vector in Eq. (4.1) is

E'(x,y, z) = [gx(x,y.z),ﬁ'y(x, y,z),g'z(x,y, z)] 4.4)

Similarly, if the magnetic field intensity vector H in
time domain is given by

H(x,y,z,t) = [Hx(x, vz t),Hy(x,y,2,1), H;(x, ¥, 2, I:)] (4‘5)

with each of its components being a sinusoidal function

Hy(x,y,2,t) = Hyp cos(wt + Oxy) (4.6a)
Hy(x,y,2,t) = Hyy, cos(mt + Byh-) (4.6b)
Hy(x,y,2,t) = Hzy cos(wt + 0,p) (4.60)
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'Then the corresponding phasors are

H (x,v,2) = Hyntbyy = meejst (4.7a)
Hy(x.l y; Z) == HymLey — Hymefgyﬁ (47b)
H;(x,y,2) = Hym£6zy = Hyme O 4.7¢)

'Thus, the phasor form of the H vector in Eq. (4.5) is

j}(x,y,Z) - [ﬂx(x,y,z),ﬁ (x;}’»z): 1‘{}"S:(:’[’.}’J‘Z:)] (48)

4.2 Maxwell’'s Equations

Maxwell’s equations can be expressed in several forms.
Here, we present the differential, time-domain version
of these equations in simple medium [1,3].

aH
VXE=—por (4.92)
- 3
— o
V-E=7 4.90)
V- -H=0 (4.9d)

In Eqns. (4.9) E denotes electric field intensity, while
H denotes magnetic field intensity. J stands for volume
current density, while p_ denotes volume charge
density.

The corresponding phasor-domain equations are

VXE=—jwuH (4.10a)

VxH=(c+jwe)E +]s (4.10b)
Bty

V-E="% (4.100)

V- -H=0 (4.10d)

4.3 Transmission Line Equations

In time domain, the transmission line equations can
be expressed either as a a set of coupled first order
equations or a set of uncoupled second order equations.
'The coupled equations for a lossless line are, [1]:

W) _ It

9z at (4.112)
al(z,t) _ 5 av(zt)

az at (4.11b)
In Egns. (4.11) /and ¢ denote inductance and
capacitance per unit length, respectively.
The corresponding phasor equations are
av(z) oy

= Jel(@) (4.122)
di(z) g

i @) (4.12b)

'The uncoupled equations for a lossy line are, [1]:

av(zt) _ , d*v(zt) av(zt)
822 =] oz T (lg+ro) at trgV(z,t) (4.132)
2 2

%I(z,t) _ le %I(z,t) + (Ig +T'C) al(z,t)

az2 at? at +T‘91(Z’t)(4.13b)

In Eqns. (4.13) 7 and g denote resistance and
conductance per unit length, respectively.

The corresponding phasor equations are

d2v(z) _
dzz

V@) (4.14)

2A A A
G2 =7@)

dz?

(4.14b)

where ¥ is the propagation constant of the line,

defined by

¥ =0 +joD(g +jwc) (4.15)

@
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THE MANY ASPECTS OF SEMICONDUCTOR
RELIABILITY WITH IMPACT ON ESD DESIGN

Charvaka Duvvury and Mirko Scholz on behalf of EOS/ESD Association, Inc.

any articles published in In Compliance focus on

ESD design and testing methods. But there is a
lot more to semiconductor reliability. ESD reliability
is based on the understanding of the high current
behavior of protection devices. Protection designs
are implemented in the IC to meet the ESD targets.
'This approach is not feasible for most of the other
semiconductor reliability phenomena. In contrast
to ESD, the actual understanding and definition of
semiconductor reliability for field applications is less
precise. It requires the understanding of device physics
and reliability models. These models are mostly
established and allow with some confidence to predict
the IC device lifetime during field applications. In
this article, we will have a look at different reliability
phenomena and models and their contribution to
the overall semiconductor reliability. We specifically
cite only three representative references here [1-3]
although the literature has an immense amount of
work on the different reliability aspects, especially
exhaustively covered by the technical papers at the
International Reliability Physics Symposium for the
last five decades.

'The major reliability concerns for CMOS technologies
include Hot Carrier Injection (HCI), Gate Oxide
Reliability (GOX), Electro-migration (EM),
Negative Bias Temperature Instability (NBTT), and
Latchup (LUP). A more uniquely different topic is
Electrical Overstress (EOS). EOS is often caused by
misapplications as reported by the white paper from
the Industry Council [4]. For example, the maximum
voltage applied on the supply pin exceeds its absolute
maximum voltage rating or AMR. This can cause
latchup and high thermal stress and eventually lead to
an EOS damage.

Figure 1 links all of these in a visual manner. ESD
reliability is purposely placed at the centre although
this is not necessarily true for every IC product
development. In fact, often ESD is addressed after a
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co-chair of the Industry Council on ESD Target Levels.

Dr. Mirko Scholz, Infineon Technologies AG,

received his Ph.D. in Electrical Engineering

from the Vrije Universiteit in Brussels (VUB).

He has authored/co-authored more than

100 publications, tutorials, and patents in the

field of ESD design and testing. He is a regular
reviewer for several IEEE journals and a current member of
the IRPS sub-committee on ESD and Latchup.

Founded in 1982, EOS/ESD Association, Inc. is a
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Figure 1: Interrelations between the various IC reliability effects
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