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Abstract

Electromagnetic lnterference (EMl) is an important part of power supply design and product

qualification. Products need to be designed to produce minimal electrical interference so that

otherproducts, in the same proximity, can function properly. Think of the chaos that would

result if this were not done. For example, what if all of your neighbors could not use their radio

or TVs when you turned on your own personal computer? This could have a negative effect on

the number of friends you would have in the neighborhood. lt would also have a negative effect

on the sale of allof these products, and the economy in general. Police, and emergency radio

broadcasts might be interrupted or rendered useless by such interference.

The topic of electrical emissions, or emanations, can be separated into two types, conducted and

radiated. Conducted Emission can be defined as electrical noise generated in a product such as

a power supply, that is conducted directly to the incoming AC power lines. Rad¡ated emissions

can be defined as electrical noise generated by a product, such as a power supply, that is

radiated like an antenna from the product. This radiated noise can cause interference to other

products in the same vicinitY.

This paper deals specifically with the emissions aspects of power supply qualification. I have

included a discussion of EMI problems encountered during a power supply development effort at

Unisys. The power supply was designed for manufacture by a Canadian power supply company'

for use in a product to be sold by my employer, Unisys Corporation. To accomplish this, we first

had to define our exact mechanical and electrical requirements in a written power supply

specification. This practicum report provides insight into the EMI related sections of this power

supply specification.

The report contains useful information from the main emissions international standards

documents, inctuding the European standards:CISPR-22 (1993) [1], and CISPR-16 (1993) [2];

the us standards: FCC 47115 (1995) [3] , and ANSI C63.4-1992 [4]; and the Japanese standard:

vccl. I have attempted to include enough information from these standards to give the reader a

basic understanding of these requirements and how they apply to Unisys. The maximum

emissions limits, set forth in these documents are included in the report.

Throughout the report, I have included practical methods of measurement that were used during

the power supply qualification. The report should be a useful introduction to EMI for a new

engineer or anyone interested in practical EMI'
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1. lntroduction.

EMI work accounts for a significant part of product development costs. Generally, the later in

the project that EMI problems are found, the more costly it will be to fix lhem. The benefits of

good EMldesign are:

- The product will function correctly.

- Government agencies, such as the FCC (US), VCCI (Japan), and CENELEC (Europe),

will allow the sale of the Product.

These reasons point out the importance of good EMI design. Without it, no product will make it

to market. Products can be removed from the marketplace if found to be non-compliant with

government controlled EMI standards. lnternational standards regulate all aspects of product

EMI such as :

- Conducted Emissions.

- Radiated Emissions.

- Conducted lmmunitY.

- Radiated lmmunitY.

- Electrostatic discharge (ESD).

Following good "emissions" design practices usually results in better "lmmunity" and "ESD"

performance. For example, a product that is well shielded to reduce radiated emissions, will be

less susceptible to interference from external fields. A well designed power supply line filter will

reduce power supply generated noise from entering the AC mains (conducted emissions), and

also will reduce AC mains noise from entering the power supply (immunity)'

One interesting point about the standards is that testing the product at a speclfic government or

official "agency" test site is not mandatory. Products can be tested for emissions compliance at

a test lab maintained by any private company. A product can be "self certified", a process where

the product development company performs tests and maintains a technical report as proof of

compliance. Such a test lab must be calibrated on a regular basis and meet all calibration-

related regulations set by the international agency standards. This procedure is subject to audit,

at any time, by the EMI regulatory committees. Unisys follows this "self certified" approach.

The test lab is maintained at a location in the United States.



Unisys is in the business of the manufacture of high volume disk subsystems for use in

mainframe storage systems. Disk drives are known to be sensitive to EMl. A power supply was

qualified for use in one of our disk products this year. lt is a redundant system of two power

supplies which provide DC power to up to seven disk drives and severalcircuit boards. The

supplies have "active current sharing" capability. This means the supplies will share the load

nearly equally via a current feedback system. One of the product requirements is called "hot

swap". This means that one of the redundant supplies can be powered off while the other supply

remains on to allow the replacement of a single supply with no interruption to the disk drive

operation.

This report is about Electromagnetic lnterference (EMl) problems encountered during this same

power supply development project. Some of the EMI related problems we encountered during

this project, in Point form, are:

1. We needed an accurate definition of emissions measurement methods, requirements

and limits, derived from international agency standards for our power supply

specification.

Z. ln general, we needed to learn about practical aspects of EMI measurement techniques.

3. We had difficulty in obtaining hard-copy plots from our spectrum analyzer.

4. Our power supply specification needed improvement in its EMI measurement

requirements. For example, the probe specified for the measurement of high

frequency common mode ripple on the power supply outputs was not capable of a 100

MHz bandwidth. Disk drives are known to be sensitive to such frequencies.

5. We failed our initial Radiated Emissions tests in March, 1996'

Detailed descriptions of our solutions to these problems are included in the report.

The report is divided into two main sections. These are: Conducted Emissions and Radiated

Emissions.

1.1 Conducted Emissions.

Conducted Emission can be defined as electrical noise generated in a product such as our power

supply, that is conducted directly to the incoming AC power lines.



2. Discussion of lnternational EMI standards.

2-1 lntroduction,

Emissions are regulated by international agencies. These agencies are responsible for writing

technical documents describing all aspects of their requirements. ln this section, I have included

the names and brief description of the main international agencies and their standards

documents.

2.2 EMI regulating agencies.

EN

CENELEC

CISPR

FCC

vccl

VDE

The European organization for electrical standards. This committee published

EMC directives 89/336/EEC and g2l31|EEC.

The,,cE MARK" is a sticker that must be applied to products sold in Europe.

It indicates compliance with all relevant CENELEC directives. The EMC

directives listed above, established a deadline of January 1, 1996 for mandatory

compliance to the CENELEC requirements. Some of the requirements, have

recently been delayed until 6 / 98.

Committee lnternational Special des Perturbations.

Euro Norme

Federal Communications Commission. FCC Parts 15 and 18.

Voluntary Control Councilfor lnterference by Data Processing Equipment and

Electronic Class 'l Office Machines. (Japan). The conducted and radiated

limits are the same as the clsPR limits shown in sections 3.2,3.3,4.2.1,

and 4.2.2. VCCI also requires a 3 meter radiated emissions test for all

equipment that measures under f m on its longest side. The limits for the

3 m test are 10 dB above the limits shown in the CISPR (f 0 m) charts in

section 4.2.1.9. The VCCI limits are called "class l" (commercial) and "class ll"

(residential) instead of "4" and "8" as used by CISPR and FCC 47115.

Verband Deutscher Elektrotechniker. VDE 0871, VDE 0875'

British Standard, BS 6527.BS



2.3 Standards documents.

The EN document series are the "European Norms". These are called the generic standards and

they call out other documents that describe the specific measurements. For example, EN500B1-1

refers to the lECl 000-4 documents and CISPR 22. IEC stands for lnternational Electrotechnical

Commission.

EN5SO22 "European Norm" emissions generic standard for information technology

applications. CISPR 22isThe "product specific" document called out by

EN500B1-1 . This document applies directly to my work.

ENSOgg2-t "European Norm" Susceptibility (immunity) generic standard for light industrial

and residential aPPlications.

C¡SPR 22 [1] Limits and methods of measurement of radio disturbance characteristics of

information technology equipment.

clspR 16-1 [2] Radio disturbance and immunity measuring apparatus. This document

describes the clsPR 22 test and calibration methods in detail.

IEC1OOO-4 Testingandmeasurementtechniques.

lECl0OO-4.1 Overview of immunity tests. This will soon replace IEC 801-1 '

,,Considers immunity tests for electric and/or electronic equipment (apparatus

and systems) in its electromagnetic environment. Both conducted and radiated

phenomenon are considered including immunity tests for equipment connected

to power, control and communication networks.''

lEclo0o-4-3 Radiated, radio-frequency, electromagnetic field immunity test. This will soon

rePlace IEC 801-3.

"Applies to the immunity of electrical and electronic equipment to radiated

electromagnetic energy. Establishes test levels and the required test

procedures. Establishes a common reference for evaluating the performance of



electrical and electronic equipment when subjected to radio-frequency

electromagnetic fields."

The main US standards are:

FCC Code of Federal Regulations section 47,Parl15. [3] Telecommunications regulations,

part 15 is for "radio frequency devices." This is the main US emissions regulation document.

ANSI C63.4-1992 [4] "Methods of Measurement of Radio-Noise Emissions from Low-Voltage

Electrical and Electronic Equipment in the range of 9 KHz to 40 GHz."

This is simitar to CISPR 16-1 [2]. CISPR 'l 6-1 is the technical back-up for CISPR 22l1l, and

ANS| C63.4 [4] is the technical back-up for FCC 47115 Í31. lt provides a detailed technical

description of measurements required in FCC 47115-



3. Conducted Emissions.

3.1 lntroduction.

Conducted emissions can be measured directly on the AC main lines. Electrical products are

rated by the amount of noise they add to the AC main lines. lnternational agencies have been

established to regulate product emissions.

A standard device called "Line lmpedance Stabilization Network", or LISN, is used to separate the

product-generated noise from the line ambient noise and to present a defined, standard

impedance of 50 ohms pure resistance to the "Equipment under Test" or EUT.

The standard instrument used to measure conducted emissions is the spectrum analyzer. Thus,

product derived conducted noise is examined in the frequency range 150 KHz to 30 MHz at a

spectrum analyzer bandwidth of 9 KHz when testing to the European, CISPR 22 [1] standard.

lnternational regulations also specify the spectrum analyzer detector types. I have included a

section on the main detectors in use today. Calibration methods for the detectors are clearly

defined in the standards documents.

Section 3.S describes general noise measurement test methods used in our lab. To help identify

probe "pick-uP", a common sense procedure called "sanity test" is described'

All of the spectrum analyzer plots in this report have a trace near the bottom of the plot labeled

',frequency", usually in MHz. This is the "X-axis" scale of the plots. The reason for this is our

spectrum analyzer only has analog X-Y outputs for plotting. The X-axis scale factor from the

spectrum analyzer does not exactly match any of the digital oscilloscope scale factors. The

oscilloscope X-Y mode has been used to capture the analog speclrum analyzer output. The "X-

axis" trace was generated from a spectrum analyzer output for a low duty-cycle square wave, rich

in harmonics. This X-axis trace has been saved in the scope and displayed with the plots.

Splitter / Combiners are described in section 3.10 and 3.1 1. These can be used to separate

conducted noise into common and differential mode noise. Section 3.11 shows how these

devices can be used to demonstrate the function of power supply filter components.

Frequency modulation of the main switching rate of a power supply has been found effective in

reducing product conducted emissions [1 0] . Section 3.12 describes an exPeriment with FM on

our power supply.



3.2 CISPR 22 conducted emissions regulations.

CISPR 22[1]is the "bottom line" for European EMI emission measurement regulations. An

outline of the highlights of this document are included below. I have included several sections

directly quoted from GISPR. This works better than paraphrasing, and gives the reader an idea of

what to expect from the CISPR documents. The parts included are especially important to my

work. CISPR 22par|9, "General Measurement Conditions" is quoted below in3.2.2 and applies

to both conducted and radiated emissions.

3.2.1 CISPR 22 part 8: "Interpretation of CISPR radio disturbance limit."

3.2.1.1 CISPR 22 part 8.1: "signiJicance of a CISPR limit'

"A CISPR limit is a limit which is recommended to national authorities for incorporation in national

standards, relevant legal regulations and official specifications. lt is also recommended that

international organizations use these li mits."

,,The significance of the limits for equipment shall be that on a statistical basis at least B0% of

mass-produced equipment complies with the limits with at least 807" confidence."

3.2.1.2 CISPR 22 part 8.2: "Applicøtion of limits for conformity of equipment in series

production."

,,Tests shall be made: Either on a sample of equipment of the type using the statistical method of

evaluation set out in 8.2.3."

Part 8.2.3 defines a t-distribution test on between 5 and 12 sample units.

"Or, for simplicity's sake, on one equipment only."

,,subsequent tests are necessary from time to time on equipment taken at random from

production, especially in the case referred to in 8.2.'l .2." (8.2.1.2 is the single unit test, above).

3.2.2 CISPR 22 part 9: "General measurement conditions."

Part 9 applies to both radiated and conducted emissions measurements.

,,4 test site shall permit disturbances from the EUT to be distinguished from ambient noise. The

suitability of the site in this respect can be determined by measuring the ambient noise levels with



the equipment under test (EUT) inoperative and ensuring that the noise level is at least 6 dB

below the limits specified in clauses 5 and 6."

"lf at certain frequency bands the ambient noise is not 6 dB below the specified limit, the methods

shown in 1 1.4 may be used to show compliance of the EUT to the specified limits."

,,lt is not necessary that the ambient noise level be 6 dB below the specified limit where both

ambient noise and source disturbance combined do not exceed the specified limit. ln this case

the source emanation is considered to satisfy the specified limit. Where the combined ambient

noise and source disturbance exceed the specified limit, the EUT shall not be judged to fail the

specified limit unless it is demonstrated that, at any measurement frequency for which the limit is

exceeded, two conditions are met:

a) the ambient noise level is at least 6 dB below the source disturbance plus ambient noise level;

b) the ambient noise level is at least 4.8 dB below the specified limit."

Thus, for example, if the ambient noise level is onty 4.7 dB under the limit at a frequency where

the combined ambient and source noise exceed the timit at att, the EIJT can not be judged to fail.

The ambient is too high in this case, and must be reduced before a determination can be made-

ln a case where the ambient noise levelwas 4.8 dB below the limit, and the combined

measurement was +l dB above the limit, again, the EIJT can not be judged to fail. No

determination can be made untitthe ambient levelis reduced'

ln a case where the ambient noise levelwas 4.8 dB betow the limit, and the combined

measurement was +1.3 dB above the timit, the EIJT can be iudged to fail.

3.2.2.1 CISPR 22 part 9.1: "EUT contiguration."

*An attempt shall be made to maximize the disturbance consistent with the typical applications by

varying the configuration of the test sample. lnterface cables shall be connected to the available

interface ports of the EUT. This includes, but is not limited to, standard interface bus ports (e.9.

IEC 625 and CCITT V.24.) provided on computers and peripherals. The effect of varying the

position of the cables shall be investigated to find the configuration that produces maximum

disturbance. The configuration shall be precisely noted in the test report'"



"lnterconnecting cables should be of the type and length specified in the individual equipment

requirements. lf the length can be varied, the length shall be selected to produce maximum

disturbance."

"lf shielded or specialcables are used during the tests to achieve compliance, then a note shall be

included in the instruction manual advising of the need to use such cables."

"One module of each type shall be operative in each lnformation Technology Equipment (lTE)

evaluated in an EUT. For a system EUT, one of each type of ITE that can be included in the

possible system configuration shall be included in the EUT."

For example, let's say you are qualifying a PC with a set of speakers and a printer. The PC has

more than (2) speaker jacks, and more than one printer port. CISPB requires a minimum of (1) 
å

pair of speakers and (1) printer to do the emissions tests-

,,The results of an evaluation of EUT's having one of each type of module or ITE can be applied to

configurations having more than one of each of those modules or lTE. This is permissible

because it has been found that disturbances from identical modules or ITE (see 3.5) are in

practice not additive."

* These publications correspond to IEEE 4BB and RS-232-C respectively.

3.2.2,1.1 CISPR 22part 9.1.1: "Ground-plane"'

.The EUT situation relative to the ground-plane shall be equivalent to that occurring in use, that is

floor-standing equipment is placed on a ground-plane or on an isolating floor (for example, wood)

close to a ground plane, and portable equipment is placed on a non-metallic table' The power

and signal cables shall be oriented with respect to the ground-plane in a manner

equivalent to actual use. The ground-plane may be of metal."
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3.2.3 CISPR}2 part l0: "Method of measurement of conducted disturbance at

mains ports."

3.2.3.1 CISPR 22 pørt 10.2: "Artiiícíal Møins Networlc"

CISPR 22 describes the "Artificial Mains Network (AMN)" in part 10.2 ot CISPR 22. I have

included some relevant quotes from CISPR 22below. These quotes explain the purpose LISN

and also the correct standard layout of a conducted emissions bench.

,,An AMN is required to provide a defined impedance at high frequencies across the power feed at

the point of measurement of terminal voltage and also to provide isolation of the circuit under test

from the ambient noise on the power lines."

"A network with a nominal impedance (50O/50¡rH) as defined in 8.2.2, part two, of CISPR '16 shall

be utilized." See figure 3-2 below.

,,Connection of the "equipment under test" (EUT) to the AMN is required. The EUT is located so

that the distance between the boundary of the EUT and the closest surface of the AMN is 0.8 m'''

The next two paragraphs have been added to standardize the AC cable to the EUT. The AC line

could act as a filter if altowed to be unlimited in tength. The AC cable is like a lossy transmission

line. The capacitance of the excess wire laying on the ground plane could attenuate the high

frequency noise. By fotding the excess cable back and forth, the noise is allowed to couple

through as if the cable were still 1 meter in tength. Another negative effect of using too long an

AC cable is that it can radiate noise back into the EUT and the measurement equipment-

,,Where a mains flexible cord is provided by the manufacturer lhis shall be 1 m long or if in excess

of 1m the excess cable is folded back and forth as far as possible so as to form a bundle not

exceeding 0.4 m in length."

.Where a mains cable is specified in the manufacturer's installation instructions, a 1 m length of

the type specified shall be connected between the EUT and the AMN."

.The EUT shall be arranged and connected with cables terminated in accordance with the product

specification."

11



.Conducted disturbance is measured between the phase lead and the reference ground, and

between the neutral lead and the reference ground. Both measured values shall be within the

appropriate limits."

.Ground connections, where required for safety purposes, shall be connected to the reference

ground point of the network and, where not otherwise provided or specified by the manufacturer,

shall be 1 m long and run parallel to the mains connection at a distance of not more than 0.1 m."

,,Other ground connections (for example for EMC purposes), either specified or supplied by the

manufacturer for connection to the same ultimate terminal as the safety ground connection, shall

also be connected to the reference ground of the network."

,,lt may not be possible to measure at some frequencies because of conducted ambient noise

which couples from local broadcast service fields. A suitable additional radio-frequency filter may

be inserted between the AMN and the mains supply, or measurements may be performed in a

shielded enclosure. The components forming the additional radioJrequency filter should be

enclosed in a metallic screen directly connected to the reference ground of the measuring system.

The requirements for the impedance of the AMN should be satisfied at the frequency of the

measurement, with the additional radio{requency filter connected."

3.2.3.2 CISPR 22 pørt 10.3: "Ground Plsne."

Part 10.3 has an interesting section on the Ground-plane:

.The EUT, where intended for table{op use, shall be placed 0.4 m from a vertical metal reference

plane of at least 2m by 2m and shall be kept at least 0.Bm from any other metal surface or other

ground-plane not being part of the EUT. lf the measurement is made in a screened enclosure,

the distance of 0.4 m may be referred to one of the walls of the enclosure'"

,,Floor standing EUT's shall be placed on a horizontal metal ground plane, the point(s) of contact

being consistent wlth normal use but not In metallic contact with the ground plane. A metal floor

may replace the reference ground plane. The reference ground-plane shall extend at least 0'5 m

beyond the boundaries of the EUT and have minimum dimensions of 2m by 2m.''

,,The reference ground point of the AMN and the lmpedance Stabilization Network (lSN) shall be

connected to the reference ground-plane with a conductor as short as possible."

12



3.2.4 CISPR 22 part 5: Limits for conducted disturbance.

The two main categories of computing devices are:

* Class A - Computers for use in industrial and commercial environments. See figure 3-1.

* Class B - Computers marketed for use in residential environments. See figure 3-2.

Class B limits are more stringent because of higher probability of proximity with a radio or TV

listener. The letters ITE in the charts stand for "information technology equipment"'

Table 3-1 CISPR 22 Limits for conducted disturbance at the mains ports of C[ass AlfE

Note: The lower limit shall apply at the transition frequency.

Table 3-2 CISPR 22 Limits for conducted disturbance at the mains ports of Class B ITE

Notes:
1. The lower limit shall apply at the transition frequencies'

2. The limir Oe"reãsãs fiåËa?¡V with the logarithm of the frequency in the range 0-15 MHz

ro 0.50 MHz.

ln my work, we specify the power supply to comply to the class A limits with 6 dB margin'

3.3 FCC conducted emissions regulations-

Tables 3-3 and 3-4, below are the FCC conducted emissions limits.

CISPR requires both average and quasi-peak limits be met independently. The FCC uses a

slightly different procedure.

Frequency Range
(MHz)

Bandwidth
(KHz)

Limits dB
(uV)

Quasi-Peak Averaqe

0.15 to 0.50 I 79 66

0.5 to 30 I 73 60

Frequency Range
(MHz)

Bandwidth
(KHz)

Lim¡ts dB
(rrV)

Quasi-Peak Averaoe

0.15 to 0.50 I 66 to 56 56 to 46

0.50 to 5 I 56 46

5to30 I 60 50
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For the FCC, the measurement is first made with a peak or quasi-peak detector. The results are

compared to the narrow-band limits. ln the case of a pass, you are finished and the unit passes

lf the results are above the broad-band limits, with the quasi-peak detector, the unit fails. lf the

results are between the narrow and broad-band limits, the nature of the noise must first be

investigated to determine what type of noise is present, narrow-band or broad-band. lf the

average detector measurement at any frequency is 6 dB or lower than the quasi-peak detector

measurement, the noise is considered to be "broad-band" and the quasi-peak limits can be

relaxed by 13 dB to the broad-band limits in the chart.

Table 3-3 FCC Class A emissions requirements.

Frequency of Emission
(MHz)

lF Bandwidth
(KHz)

Broad-Band
Conducted Limit

(Quasi-Peak)

Narrow-Band
Conducted Limit

(Averaqe)

0.45 to 1.705 I 73 dB uV 60 dB uV

1.705 to 30.0 o 82.5 dB uV 69.54 dB uV

Table 3-4 FCC Class B emissions requirements.

Frequency of Emission
(MHz)

lF Bandwidth
(KHz)

Broad-Band
Conducted Limit

lQuasi-Peak)

Narrow-Band
Conducted Limit

fAveraqe)

0.45 to 1.705 I 61 dB uV 48 dB pV

1.705 to 30.0 I 61 dB uV 48 dB rrV

9.4 Btock diagram of conducted emisslons fesf bench'

The diagram below, figure 3-1 , is a top-view block diagram of our conducted emissions work

bench. The electrical power flow is from the AC mains, through the isolation transformer, line

filter, LISN's, and finally to the equipment under test (EUT). The conducted emissions output is

displayed on the spectrum analyzer. Our bench layout does not strictly follow the requirements

set forth in the clsPR and FCC standards. For example, we do not use a one meter AC cord,

and do not maintain a 0.4 meter separation from the ground plane. our spectrum analyzer lF

bandwidth is S KHz, instead of 9 KHz, as required by the agencies. Relative measurements and

product improvemenT comparisons can be made on this bench'
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AC Mains

Ground Line G----+
Broken

lsolation
Transformer

Ground
Braid

<.....-. RG58U 50
ohm Cable

Figure 3-1 Conducted emissions test bench.

The main components of the work bench with a brief description are below'

3.4.1 Spectrum analyzer.

. Our spectrum analyzer measures the noise signal

within a b KHz bandwidth. The centre frequency of this bandpass filter is swept from 0 to 90

MHz. The resulting plot is compared to the limits set forth in the agency standards documents'

lf the envelope of the plot is within these limits, the power supply passes the conducted emissions

test.

3.4.2 Cables and terminators.

RG5BU 50 0hm cables. Tektronix 01 1-0049-01 50 0hm 2 w terminator pad. The cable running

from the LISNs to the Spectrum Analyzer is a 50 ohm RGSBU type. The side of the line not

connected to the spectrum analyzer, neutral in the figure, is always terminated with a 50 ohm

resistive terminator to stabilize the impedance presented to the EUT. The spectrum analyzer

input is internally terminated with 50 ohms.

z',

50ohm .\ l"Thick È
pad on. \ lnsutatingunused \ pad Under

Spectrum
Analyzer
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3.4.3 Line Impedance Stabilization Network (LISN).

Solar Electronics 50 uH.24 amo Tvpe 8028-50-T5-24. BNC Line lmoedance Stabilization

Network (LISN). The LISN is discussed in detail in section 3.7. Basically, the purpose LISN is:

1. To "stabilize" the impedance presented to the "equipment under test"'

2. To reduce AC power mains background noise in the conducted emissions measurement.

3.4.4 Additional line filter.

Filter Conceots LX 30 F 50/60 Hz Filter.

The Filter Concepts filter, shown just to the left of the LISNs in the diagram, provides additional

AC mains line noise isolation to reduce background noise.

3.4.5 Equipment Under Test (EUT).

ln our case, this is our power supply.

3.4.6 
^C 

isolation transformer.

On our bench, the isolation transformer just provides some additional noise filtering. lt also

balancesthe line since the neulral wire is not at the same potent¡al as the ground wire at the

transformer output. Neutral is usually tied to ground at the AC generating station.

3.4.7 Single point ground.

A single ground line is used to prevent ground loop currents. The ground wire is broken at the

isolation transformer input for this reason. Both LISNs and the Filter Concepts filter are bonded

directly to the ground plane. The spectrum analyzer is also attached to the ground plane by a

thick braid.

3.5 Lab techniques and methods-

This section contains some practical noise measurement techniques.

High gain, broadband measurement equipment, such as oscilloscopes, are susceptible

to noise pick-up. These two properties, high gain and broadband response, when taken

together, are a recipe for noise sensitivity. Disk drives are also high gain, broadband

devices and are thus also susceptible to noise interference.

A background measurement is always taken before actual measurements to check the

measurement system. The AC power to the EUT is removed for this measurement.

16



We often perform a "sanity test" while the AC power to the EUT is applied. The

spectrum analyzer 50 ohm cable BNG is disconnected from the LISN and terminated

with a 50 ohm terminating pad. This measurement gives an indication of how much of

the final measurement is "picked up" as opposed to actual conducted power supply noise

at the LISN BNC jack. This "sanity test" is a useful technique in many analog

measurements. Some level of "pick-up" can be tolerated in the conducted emissions

test depending on what decisions are being made.

The "background noise" spectrum, obtained by turning the power supply off, should

always be checked to verify the reality of any emissions measurement'

Another.sanity" test is often used. When using an oscilloscope, move the probe tip to

ground, at the point where the ground clip is connected, to see how much of the

measurement is "pick-up". A rule of thumb is the "pick-up" should be reduced to less

than 1 0./" of the total measurement. The best way to do this with a high frequency

oscilloscope measurement is to reduce the ground lead length to minimize the probe

loop area. Thus, the magnetic field pick-up is reduced. Also, the shorter ground lead

has lower inductance and provides a better RF ground. This can be done by completely

removing the ground lead from the probe and using only the ground strip near the tip of

the probe to contact ground. We sometimes wrap a paper clip around the probe ground

several times and use the paper clip as an "RF" ground. The length of the "paper clip"

ground is usually under 1". This "RF ground" is connected to circuit ground just like a

normal ground probe. The advantage at high frequency is it has a small loop area, and

a low series inductance.

This "sanity test" might sound like a trivial point but anyone who has worked on analog

problems will likely remember a time when some hours were lost in the pursuit of non-

existent noise.

3.6 New spectrum analyzer plotting method.

ln this section I describe the way all of the spectrum analyzer plots in this report have been

displayed.

A useful refinement to our measurements has been accomplished by using the TDS 620

oscilloscope to display spectrum Analyzer plots. our spectrum Analyzer has an excellent display

but it does not interface to a digital bus for plotting or number-crunching. Before this refinement
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was introduced, an analog chart recorder was used to plot results. The analog chart recorder

was cumbersome. Pens needed to be changed and capped, and accuracy was compromised by

manual paper positioning, zero and gain drift, and chart response time. By using the X-Y feature

in the scope, we can digitize the Spectrum Analyzer output and print it on a Think-Jet printer,

connected via GPIB bus.

The horizontal axis in all of the plots in this report is not the normal oscilloscope grid. The X-axis

has been replaced by a jagged trace on the bofiom of the screen. This trace is an actual

spectrum of a harmonic-rich rectangular pulse train that has been stored in the scope. The

frequency scale of this line is accurately marked in all plots.

Figure 3-2, below shows a plot of the "X" sweep signal that is output from our Marconi model 2370

spectrum analyzer on pin 10 of the X-Y recorder connector at the back of the Analyzer. The trace

at the bottom is a vertically compressed spectral trace obtained by inputting a harmonic-rich, 10

MHz fundamental square wave to the Spectrum analyzer input. This trace is stored and used as

the horizontal axis for our display. The reason we need to do this is that the oscilloscoPe

does not Another way to

correct this would be to insert an op-amp "gain adjustment" stage between the spectrum analyzer

and the oscilloscoPe.

The vertical ,,y" gain from the spectrum analyzer does produce a match to the oscilloscope gain.

pin 11 of the X-y recorder connector outputs exactly 200 millivolts pe|l0 dB. Some small vertical

offset adjustment was needed on the scope to obtain an exact match to the spectrum analyzer

vertical position.

The horizontal position of the scope needs to be adjusted to trigger at the correct screen position'

Zero frequency is always set to line up at, or near the left side of the screen'
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Figure 3-2 Spectrum analyzer horizontal sweep signal.

3.7 The "Line lmpedance Stabilization Network" (LISN)-

3.7.1 Introduction.

The LISN is a standard network that is placed between the AC mains and the EUT. lt has two

main functions:

1. To "stabitize" the impedance presented to the "equipment under test".

Z. To reduce background noise from the AC power mains in the measurement of

conducted emissions. This property is called "lsolation"'

The internal schematic is shown in figure 3-3. The passive components in the LISN are

designed for very high self-resonant frequencies to reduce tuning effects. For example, the coils

are wound on a single layer with large inter-winding separation to reduce capacitance. The

capacitors are made with low lead and plate inductance to increase the self-resonant frequency.
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Figure 3-3 LISN internal schematic.

Notice the highest internal LC resonant frequency (1/2r!LC) of the components in the LISN

occurs with the 50 pH coil and the 0.1 pF capacitor. The resonant frequency works out to 71

KHz, well below the lowest f requency, 150 KHz, in the conducted em¡ss¡ons tables 3-1 , 3-2' 3-3'

and 3-4. The e of this circuit is only 0.44 with the 50 ohm damping resistor. The low Q is

desirable in this situation to prevent tuning etfects from distorting the measurement.

3.7.2 LISN sweep characteristics.

To demonstrate the "stabilization" property of the LISN, a simple experiment can be performed.

See figures 3-4, and 3-6, below. When the LISN output AC connection, normally going to the

Equipment Under Test (EUT) is connected to the sweep generator from the spectrum analyzer,

and the LISN RF output signal is connected to the spectrum analyzer input, the result is a plot

which reveals how the LISN works (see plot in figure 3-6). The resultant spectral plot, shown in

the top trace in Figure 3-6, is quite flat in the frequency range 0-40 MHz. The sweep generator is
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calibrated to be -10 dBm when terminated with 50 ohms so the LISN output must be presenting a

flat 50 ohm load to the sweep generator, or the EUT when it is powered through the LISN. Note

that this top plot is unaffected when the AC line input to the LISN is open or grounded via the

switch shown in figure 3-4.

To demonstrate the "lsolation" property, another experiment was done. The bottom trace of

figure 3-6 is the spectrum analyzer result when the sweep generator is applied to the AC input of

the LISN. The plot demonstrates how the LISN isolates the EUT from the AC mains and thus

reduces the measurement "background noise". See the set-up for this test in figure 3-5.
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Figure 3-5 LISN line"isolation" sweep test.
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The bottom plot in figure 3-5 is smoother than the top plot because it was not digitized by the TDS

620 oscilloscope. This plot was sketched directly into the plot from observation of the spectrum

analyzer display. The frequency scale is shown on the spiked trace at the bottom of the plot.

The reason for this unusual frequency scale is explained in sections 3"1 , and 3'6 above.

3.8 Detectors.

3.8.1 Introduction.

ln this section several detectors, used in the spectrum analyzer, are discussed. Among these,

are the euasi-peak, Average, RMS, and Peak detectors. US and international regulations for

the control of electromagnetic interference (EMl) from computing devices require the use of quasi-

peak detection as well as average detection for the measurement of conducted emissions. To

understand the measurements, it is usefulto have a basic understanding of how these detectors

respond to different kinds of noise. The Quasi-Peak detector is useful in detecting "RF bursts" or

,,broadband pulse trains". These are very low duty cycle large amplitude pulses, or damped

oscillations, that repeat usually at the line rate or a harmonic such as 50, 60, 100, or 120 Hz' The

average value of such pulses is low. The "average" detector is useful for finding low level

-50
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continuous wave (CW) signals. Even low level "CW" signals can cause significant interference,

particularly if the frequency of the CW is the same as the centre frequency of a high "Q" input filter

in a nearby receiver. For calibration purposes, the CISPR documents compare the response of

all of these detectors to a defined broadband pulse train. Each detector responds differently to

this defined pulse train. CISPR defines the pulse shapes very precisely so lhe calibration of the

detectors can be checked. ln my lab, we have an average responding receiver, but no quasi-

peak detector. From the information in this section, one might estimate the quasi-peak response

from an oscillogram of the detector input or from the time domain LISN output signals. A "CW"

oscillogram indicates the quasi-peak response will be identical to the average response. A

broadband pulse train indicates the quasi-peak response will be predictably higher than the

average detector outPut.

3.8.2 Quasi - peak.

Figure 3-7, below shows how a quasi-peak receiver works. The signal (V1) is typical of a

"broadband" pulse train, commonly generated in power supply circuits. These pulse trains have

been found to be a common cause of interference. The low level "CW" signal, V2, can cause

interference, but is masked out by the quasi-peak receiver. An average responding receiver can

detect the lower "cw" signal. This is the reason that average responding receiver limits are

included in the FCC and CISPR regulations [14].
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Block Diagram:

Vin

=V1+V2

Detector inPut:

-1.+,i{g" lf- 
DecaY rime 

-+ 

|

V3/

CW signal, (V2)
undetected by quasi-

peak receiver

Figure 3-7 Quasi-peak detector Block Diagram.

CISpR 22 requirements define the characteristics of quasi-peak receivers. Table 3-5 below, taken

from clspR 16-1, 1gg3, page 17, defines the spectrum analyzer lF bandwidth requirement. For

example, the lF bandwidth for a sweep in the frequency range 0.15 to 30 MHz should be set to I
KHz. Notice that the discharge time constant is much longer than the charge constant, thus the

name quasi-peak. The mechanical time constant in the bottom row of the chart is the meter

movement averagi ng effect'
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Table 3-5 Fundamental characteristics of Quasi-peak receivers.

Characteristics Frequency band
Band A

9 to 150 KHz
Band B

0.15 to 30 MHz
Bands C and D
30 to 1000 MHz

lF Bandwidth at the -6dB
noints (BJ. in KHz

0.22
(220 Hz)

I 120

Detector electrical charge
t¡me constant, in ms 45 1 1

Detector electrical discharge
time constant. in ms 500 160 550

Mechanical time constant of
critically damped indicating

instrument. in ms.
160 160 100

Table 3-6 below, from CISPR 16-1 , 1993, page 19, defines Quasi-peak in terms of pulse

response. A rectangular pulse generator is used to calibrate measurement equipment for

compliance. The first column, in micro-volt-seconds, is the "impulse area" derived by multiply¡ng

pulse amplitude by duration. The pulse shape is rectangular and repetitive at the frequency

shown in the right-most column. The middle column defines the '-2d8" bandwidth of the

rectangular pulse train and sets the maximum pulse width. When one takes the Fourier transform

of a rectangular pulse train, the result is a series of impulses spaced at the repetition frequency,

e.g. 100 Hz. The envelope or overall shape of these impulses is the mathematical "Sinc" function,

(sine(x) / x). The first zero of the Sinc function occurs at 1 / (pulse width) in Hertz. Thus, to insure

a flat spectrum from DC out to the highest frequency in a given band, (e.9. 300 MHz for band (C)

one must choose an appropriate maximum pulse width (T'"*). "Flatness" is defined in ClSPRl6-

1, Annex B to be within 2 dB of the low frequency response. For example, the calculation below

shows that correct calibration measurements done in the C-band require a maximum pulse width

(rr",,) of 1.2 ns. See figure 3-9, below.

-2dB means: 0.800 times the low frequency value;

where the low frequency amplitude = Sinc(O) = '1.0 or 0 dB-

Sincl(o.B0o) =0.36n

('llrr"*) represents an angle of n radians since it is the first null in the sinc function'

(1/t,"*).(0.36) = 300 MHz, which is the maximum frequency in c band.

Tmax = 1.2 nanoseconds.
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When a 2 millivolt RMS continuous wave signal is applied to the input of a quasi-peak receiver, it

should produce the same output as the pulse trains defined in the table 3-6 for a properly

calibrated detector. The numbers the first column are the open circuit, un-loaded "impulse area"

of a single pulse. For example, a 36.6 volt, '1.2 nanosecond, 100 Hz pulse train has a 0.044 uVs

"impulse area" and a -2dB frequency of 300 MHz. This actually becomes a '18.3 volt, 1 .2

nanosecond, 100 Hz pulse train when loaded by the 50 ohm receiver input. ln the "C" band,

according to CISPR, the quasi peak receiver output should produce the same output (within 2dB)

for this pulse train as it would lor a2 mV RMS 300 MHz CW signal. The 2 mV RMS signal is also

an unloaded generator output level. When loaded with 50 ohms, it becomes 1 mV RMS.

Table 3-6 Quasi-Peak pulse response.

Frequency Range lmpulse area
luVs)

- 2dB pulse train
bandwidth (MHz)

Pulse train repetition
rate (Hz)

lA) 9 to 150 KHz 13.5 0.15 25
(B) 0.15 to 30 MHz 0.316 30 100

lC) 30 to 300 MHz 0.044 300 100

lD) 300 to 1000 MHz 0.044 1 000 100

Figure 3-8 depicts the pulse train to cw comparison, made in clsPR 16-1 .

Figure 3-9, below shows the "CISPR pulse" and its spectrum.

Another way to check quasi-peak calibration is to use a "gated" or pulsed RF signal instead of the

rectangular pulse train defined above. This permits a smaller voltage to produce the required

spectral intensity. Figure 3-10, below, shows the "gated" RF pulse. The spectrum is similar to

the pulse train's, but is shifted to the right to a centre frequency of fo and compressed to a

bandwidth ot 2k.
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vT = 0.044 pvs
fn= 100 Hz

Quasi-Peak Receiver

ii
tcharge = 1 ms

tdischarge = 550 ms

Tmeter = 100 ms

Setup recommended by CISPB Pubtication 16 for making the CW to pulse comparison for the C-

band. A DC putse with VT = 0.044 ¡tVS (V = peak amplitude, T = pulse width) and pulse repetition

frequency (fr¡ = 7OO Hz should produce the same response on the quasi-peak receiver as a 2 mV
CW signal.

Figure 3-8 CISPR Pulse train to "CW" comparison.

+
Vp =18.3 V

+T
(1.2 ns)
C band 0.022 pVs

Spectrum:
+ 0.01 s +

/ 120 KHz

I
Vp Tfn

j
DC +ll+

100 Hz
300 MHz
(C Band) 1lr

ln order to produce the broadband spectrum required by CISPR Publication 16 for C band, a DC

putse musi have a peak amptitude of greater than 18.3 votts (oaded by the quasi-peak receiver)
'and 

a putse width of less than 1'2 nanoseconds-

Figure 3-g CISPR Pulse.
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0.01 s

Vt = 0.044 pVs

fo

| +ll+
I roo Ht

l<-- 2tr

It"ll
= 10 MHz ---+l

For spectrum analyzers, a pulsed RF signal, rather than a DC pulse train, is preferred for use in

,uiing the CW to'pulse cómparison. ihis permits a smaller voltage (0.22 volts in this case) to

produce the required spectral intensity-

Figure 3-10 CISPR pulsed RF calibration.

Table 3-7, below shows the CISPR definition of the effect the pulse generator repetition rate has

on quasi-peak output. For example, in Band A, the pulse amplitude at 100 Hz repetition rate

needs to be B dB lower than at '10 Hz to maintain the same quasi-peak output. This chart is from

CISPR 16-1 , 1993-08, Table 3'
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Table 3-7 Quasi-Peak response vs pulse repetition rate.

Repetition
frequency

(Hz)

Retative equivalent level in dB of pulse for stated band

Band A
9 to 150 KHz

Band B
0.15 to 30 MHz

Band C
30 to 300 MHz

Band D
300 to 1000 MHz

1 000 Note'l -4.5 + 1.0 _8.0 + 1.0 -8.0 + 1 .0

100 -4.0 + '1 .0 0 (ref) 0 (ref) 0 (ref)

60 _3.6 + 1.0

25 0 lref)
20 +6.5 + '1.0 +9.0 t 1 .0 +9.0 + 1.0

10 4.Q + 1.0 +'10.0 + 1 .5 +14.0 + 1 .5 +14.0 + 1 .5

5 7.5 + 1.5

2 13.0 + 2.0 +20.5+ 2.0 +26.0+ 2.0 +26.0+ 2.0 *

1 17.0+ 2.0 +22.5+ 2.0 +28.5+ 2.0 +28.5* 2.0*

lsolated pulse 19.0 + 2.0 +23.5+2.0 +31 .5 + 2.0 +31.5 * 2.0 .

Note 1 : lt is not possible to specify a response above 100 Hz in the frequency range 9 KHz to 150

KHz because of the overlapping óf pulses in the "intermediate frequency" (1.F.) amplifier.

* The pulse response is restricted due to overload at the input to the receiver at frequencies above

g00 MHz. The values marked with an (") asterisk in the table are optional and are not essential.

3.8.3 RMS, average, and peak detection.

There are (4) different receiver detector types :

Quasi-peak

Average

RMS

Peak

The characteristics of these detectors is defined in the ClSPRl6-1 [2] document. I have included

this section because our spectrum analyzer does not have a quasi-peak option' This section

provides a comparison of quasi-peak with the other detectors. Thus, some idea of the quasi-peak

result might be estimated from our average responding analyzer. We would first need to look at

the noise on a scope to find its "impulse area" and repetition rate to make this estimate'

CISPR 16 also defines the rectangular pulse response of RMS, avetage, and peak receivers'
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3.8.3.1 RMS receivers.

The RMS type is not widely used. lt is no longer included in any of the CISPR or FCC regulation

limits.

Like the quasi-peak detector, CISPR 16-1 [2] defines the RMS receiver pulse response in terms of

theimpulse areaofthepulse,andpulserepetitionrate. FortheRMSdetector,thelFbandwidth

is also part of the equation. A CW signal to pulse comparison is made to define the response'

,, The amplitude relationship for the RMS meter which states the value of pulse (ut)n¡¡s for the

case of 100 Hz, which is equivalent to a sine-wave signal of 2 mV (RMS) is:"

(ur)nrs = 155/{86. (pVs)

where Bo is the 6 dB lF bandwidth as required in table 3-5. The above equation is derived

mathematically in CISPR 16-1. ln the frequency range 0'15 MHz to 30 MHz, Band B, CISPR

defines The quasi-peak impulse area required to produce the same output as a 2 mV, unloaded,

CW signalto be:

(ut)op = 0.316 PVs

for 30 MHz to '1000 MHz, Bands C and D it is:

(ut)op = 0.044 pVs

from Table 3-6, above.

from Table 3-6

Thus, for a 6 dB bandwidth, the following can be derived:

for frequencies 0.15 to 30 MHz, Band B:

(ur)pi,rs /(ut)op = (1 55/{9,000) / .3'1 6 = 14.3 dB where Be = 9 KHz'

for frequencies 30 to 1000 MHz, Bands C, and D:

(ur)n¡¡s i (ur)op = (1 55/{120,000) I .044 = 20.1 dB where Bø = 120 KHz'
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Thus, the pulse impulse area must be 20.1 dB more for an BMS detector than that tor a quasi-

peak deleclor to produce the same output on the two receivers.

3.8.3.2 Averøge receivers.

,,At a repetition rate of n Hz, the value of impulse area required to produce a response on an

average measuring receiver equivalent to the response an unmodulated sine-wave signal at the

tuned frequency of RMS value 2 mV from a signal generator having the same output impedance

as the pulse generator is:"

(ut)nvg = 1.41n (mVs)

At a repetition rate of '100 Hz, this is '14 uVs.

For frequency range 0.15 MHz to 30 MHz, Band B:

and for 30 MHz to 1000 MHz, Bands C and D:

(ut)nve/(ut)op = 14 i 0.316 = 32.9 dB

(ut)nve/(ur)op = 14 /0.044 = 50'1 dB

Thus, for example, The average receiver produces 50.1 dB lower output than a quasi-peak

detector when the input is a "CISPR pulse" as shown in figure 3-9. The CISPR 22 limits are

defined tor averaging and quasi-peak detectors so this is an important derivation. ln reference

[.14], the average and quasi-peak receivers are compared further. As pointed out above, the

quasi-peak detector is useful in detecting "broadband" pulse trains. fhe average detector is

useful in finding low level narrowband carrier emissions that are below the pulse train peaks.

These CW, narrow band carrierS are sometimes masked by the quasi-peak receiver, but are

known to be the cause of interference.

3.8.3.3 Peøk receivers.

"The value of impulse area, lS, required to produce a response on a peak measuring receiver

equivalent to the response to an unmodulated sine-wave signal at the tuned frequency of RMS

value 2 mV is:

1.4l}i¡np (mVs) (where, B¡n10 is the impulse bandwidth of the receiver in Hz)'

CISPR 16 defines B¡¡¡p in part 'l .3.2 as:

Birnp = 1 .05 x Be = where 85 is the 6 dB receiver bandwidth'

The ratio ot ls quasi-peakto lS peakto produce the same indication will be:
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Band A:

Band B:

Bands C and D

6.1 dB (at25Hz pulse repetition frequency)

6.6 dB (at 100 Hz pulse repetition frequency)

12.0 dB (at 100 Hz pulse repetition frequency)

Thus, in band C, the pulse impulse area must be 12 dB more for a quasi-peakdetector than that

Íor a peak detector to produce the same output on the two receivers.

3.9 Marconi 2370 spectrum analyzer calibration-

To test our spectrum analyzer calibration, a DC pulse train was used. The shortest duration

pulse width that our HP3314A function generator can produce is shown below:

1
10 mV

J

Figure 3-11 Spectrum analyzer calibration pulse.

This pulse train does not meet the CISPR requirements for pulse width and amplitude shown in

figure 3-g. lt does give an idea of the CISPR requirement and provides a calibration check for

our spectrum analyzer. The spectru m analyzer resolution bandwidth is set to 5 KHz.
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The spectrum analyzer output is shown below in figure 3-12. The plot is acceptably close to the

mathematically derived spectra. From:

Z.V.ür= 2 x 0.01 x 25 x 10-e x 2 x 106 = 0.001 V.

20.log (0.001¡ = + 60 dBpV.

The low frequency level on the plot is - 56 dB¡rV. There is a 3 dB difference built into the

Spectrum Analyzer in its peak{o-RMS correction. Thus, the actual error here is -1 dB.

The first zerc, aT - 39 MHz on the plot below is in agreement with the theoretical frequency:

1l2ilns = 40 MHz. The second peak frequency, is also close to its theoretical value, 60 MHz.

The second peak, at - 60 MHz on the plot, has an amplitude which is - 6'5 dB below the

theoretical value:

Sinc ( 3nl2) = .212, or - 13.5 dB. Thus, 60 -1 4 = 46.5 dB¡rV. (Theoretical)

The plot, below, shows a0 dBpV at the second peak, - 60 MHz. Again, the -3dB peak-to-RMS

conversion leaves us with a -3.5 dB actual error . The errors are attributable to the finite rise

time of the Pulse train.
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Figure 3-12 Spectrum analyzer calibration spectrum.
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3.10 RF Splitter/Combiner circuits.

3.10.1 Background.

References [6] and [7] describe a device for combining the line and neutral conducted emissions

measurements to obtain the common and differential mode components.

This device is called "Differential Mode Rejection Network", or DMRN, by Mark Nave [6]. See

figure 3-13, below.

Power
Mains

Figure 3-13 Differential Mode Reiect¡on Network.

The equations for common mode and differential mode noise are:

Line LISN OutPut

NeutralLlSN OutPut

= 50. (lcm + ldm)

= 50 * (lcm - ldm)

where: lcm = common mode current.

ldm = differential mode current.

The common mode voltage (Vcm) and differential mode voltage (Vdm) can be derived from

linear combination of the raw LlsN outputs for Line and Neutral.
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Vcm=50*lcm=
Vdm = 50. ldm =

í
Line
lnput G

I

( Line LISN Output + Neutral LISN Output )/ 2.

( Line LISN Output - Neutral LISN Output ) / 2.

These can be derived from the diagram of the standard conducted noise test bench drawn below:

Line
LISN ldm

lcm

ldm

rcm 1

ldm I
Y

Line
LISN

Output

Neutral
LISN

Output

<_
lcm

lcm

I

J

ldm
--+

Neutral
LISN

Figure 3-14 common and differential mode conducted currents.

Notice, the differential mode currents flow from line to neutral in the power supply, and the

common mode currents flow from ground (chassis) 1o Line and from ground (chassis) to Neutral'

The common mode currents often arise from capacitive coupling to the chassis. Thus we expect

higher common mode currents on power supplies designed with the power switching components

mounted on the chassis. This is often the case in power supply designs, since the chassis

provides a convenient heat sink. common mode noise is often high frequency in nature.

Differential noise is often caused by reverse recovery of the input rectifiers in the bridge'
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3.10.2 Simple splitter / combiner circuits.

A simple circuit that extracts Vcm, the common mode voltage is shown below in the figure:

16.7

Vcm =

16.7

(Va+Vb)/ 2)

Vcm
Output

Neutral Va

3't
16.7

Figure 3-15 A simple splitter / combiner'

This circuit is shown in Mark Nave's article [6], figure 4. Since it is an adder circuit, it produces

an analog facsimile of the common mode voltage at its output.

Mark Nave's article points out 3 reasons for the need to extract separate signals for common

mode and differential mode noise:

1 . Filter design. A modular approach to filter design, "design by parts" can be used when the

noise is separated into the two modal components. The common filter components can be

designed separately from the differential mode components.

2. Measurement of core saturation. The noise can be displayed on an oscilloscope in real time

while triggering on the 60 Hz AC current waveform. For example, the noise should not increase

significantly at the peak of the AC current. This would indicate possible core saturation in one of

the filter chokes.
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3. Troubleshooting. Since the two noise modes are caused by different mechanisms in the power

supply, separation of the modes assists in pinpointing the root causes.

Another circuit, designed by C. R. Pauland shown in reference [7], is shown in figure 3-16, below.

This circuit produces differential or common mode output depending the switch position.

+ Line +

!ç¡¡+Vdm

- Neutral +

Vcm-Vdm

1:1 Vari-L LF42B 1:1

2Vdm or 2Vcm

Figure 3-16 Another simple splitter /combiner circuit.

3.10.3 Improved circuits.

The two circuits above produce interaction between Line and Neutral since these LISN outputs

are S0 ohm impedance. When either of the above circuits is connected, Line and Neutral signals

undergo a change from the original signals. ln figure 3-15, we can set Va = 0 and drive Only Vb.

This will cause a voltage at the output port, Vcm, and the same voltage will also occur at port Va

(= Vb I 2). Thus the theoretical "port-to-port" isolation for this circuit is 2:1 (6 dB), a very low

isolation. Figure 3-16 has a similar port-to-port isolation. Higher isolation is desirable- For this

reason other circuits have been invented [12j, [13]. See the figure below:
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Vs

Port S

Figure 3-17 An improved splitter/combiner.

This circuit is similar to the resistor adder circuit. The advantage of this circuit is it has a degree of

isolation between inputs. The basic operation is defined by:

Ys = (Va +Vb) 12.

Notice the output, at port S is terminated with 25 ohms. Thus, a 25 to 50 ohm matching

transformer should be added at port S to enable connection to a 50 ohm system. With the

matching transformer, the transfer function becomes:

Ys = (Va + Vb) / {2, or 0.707. (Va + Vb).
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The circuit in figure 3-17 above, can be redrawn:

Figure 3-18 Previous circuit, re'drawn.

The Matrix Equation for this is below:

-50-25-XL

25-M-XL

XL+M.XL

-M*XL+25

-25-XL-50

XL+M.XL

-1
XL+M.XL I

XL+M.XL I .
-2*XL-2-M*XL-R I

l'l

t2

l3

-Va

-vb

0

lf we set Vb to zero, and solve Íor ll lllwe get the port{o-port "lsolation" as a function of R (see

above schematic). The higher this ratio is, the better, or higher the port to port "lsolation". The

circuit works well when higher values of XL are used. An arbitrarily high value of XL, 1900j, was

selected for the first two plots, 3-19, and 3-20 to demonstrate ideal circuit operation. When low

values of XL are used, the results become less defined. Figure 3-21 shows isolation as a

function of R with a "real-world" value, 50j, selected for XL. ln all 3 figures below, A(R¡ = 29

log(11/12) on the y-axis, is the port to port "lsolation" . A(R) is plotted against the ¡nternal resistor,

R on the X-axis.

M+

Port S
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l0
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Figure 3-19 Port to port isolation vs "R". Mutualcoupling coefficient = 1.00, XL=1900i.

l6

I5

l4

l3

t2

1(R) I I

l0

9

8

1

6 60 80 100 lz0 140

R

18016020

Figure 3-20 port to port isolation vs "R". Mutual coupling coefficient = 0.98, XL=l900i'

i.-\

/

V'
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The above plot is A(R) when M =0.98. Two observations can be made from the above plots:

1. The ideal value of R is 100 ohms.

2.The port to port isolation is sensitive to the coupling coefficient, M-

20

l9

l8

17

l6

l5

Llnl t¿

13

t2

l1

l0

9

8
0 20 40 60 80 100

R

120 140 160 180 200

Mutual coupling coefficient = f .00, XL=50i.Figure 3-21 Port to port isolation vs "R".

The above plot results when a lower inductive reactance (50j) is selected. This is the calculated

inductive reactance at 150 KHz of toroidalcore part number FT-23-77, a Manganese-Zinc ferrite

available from Amidon Associates. The calculation is shown below:

L(mH) = Ar * N2 
* 10-6 = 356 * 122 * 10-6 = 0'0513 mH.

where N is the number of turns, and Ar is the "inductance index" in mH/1000 turns. A¡ was

obtained from Amidon's product literature.

The inductive reactance calculated at the lowest frequency regulated in the emissions limits

charts, 150 KHz, is :

XL= 0.0000513" 2* n* 150*'103 = 50 ohms.
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The actual implementation of the above circuit is shown below:

va so

Figure 3-22 Splitter / combiner imptementat¡on with a ferrite toroid.

A bifilar wound toroidal transformer is used to insure 
" 

n""r-rnity coupling coefficient. Bi-filar

windings help extend the frequency range by a transmission line effect. This principal is exploited

for a broad range of devices named "transmission line transformers" which includes baluns.

Below, figure 3-23 is an equivalent circuit of the above implementation taken from Fig 37 on page

3-1 1 of the 1990 Radio Amateur's handbook [12]. The biJilar windings can be modeled by the

directional coupler shown in the figure. Thus, as M decreases at higher frequencies, the

direction4 coupler effect of the bi-filar windings kicks in to improve the coupling coefficient' The

maximum directional coupling occurs at odd multiples of effective l" / 2.
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Figure 3-23 Splitter / combiner bi-filar equivalent circuit.

Another coupler circuit, shown in the 1990 American Radio Relay League (ARRL) handbook [12],

page 25-36 is shown below:

S0 Port A 50

VA(E

+

Figure g-24 Asplitter/combiner with 50 ohm output impedance.

Notice the splitter/combiner in 3-24 has the advantage that the output is 50 ohms without needing

a matching transformer.

Output

to:

+
50

"q
Y
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TheARRLhandbookdescribes howto build the abovecircuit: Fora 1-50 MHz model, T1 is 10

turns of no. 30 enameled wire bijilar wound on a Amidon FT-23-77 ferrite core. lt can be

constructed in a small box made from double sided circuit board material. Each inside edge is

soldered to the adjacent one along the entire length of the seam to form an RF{ight enclosure.

Thus, the circuits discussed in figures 3-17 thru 3-24 provide the necessary Line to Neutral

isolation lacking in figures 3-15, 16 above.

3.10.4 Splitter / combiner for line filter evaluation.

Line filters can be evaluated for attenuation in a standard manner with all impedances set to 50

ohms using splitter / combiner circuits. The figure below illustrates a way to obtain differential

mode attenuation of a line filter as a function of frequency.

From
Spectrum
Analyzer +
Sweep

Generator

To
Spectrum
Analyzer

lnput.

Figure 3-25 Splitter / combiner use in filter measurements.

The splitters are both 180. types. Splitter #1 provides two identical, out of phase signals at the

filter inputs. Splitter #2 does a mathematical subtraction of the two signals to reconstruct the

original signal, minus the filter and splitter insertion losses, at the spectrum analyzer input.

First, a measurement of the splitter accuracy mUst be done. This is accomplished by removing

the filter and connecting the spliüers directly. The original signal, minus the splitter insertion

loss, should be reconstructed at the spectrum analyzer input. The result of this experiment

should be recorded, as a control, to allow for the frequency response of the two splitters in the

calculation of the filter response.

IN OUT

LL
F¡LTER
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3.11 How power suppty filter components affect conducted emissions.

Splitter combiner circuits can be used with our conducted noise test bench to separate common

and differential mode line noise t6l, t7l. ln this section, we will look at the contribution that

components in the AC line filter of our power supply make to conducted line noise reduction.

The results are separated into common and differential mode noise.

3.11.1 Line filter comPonents.

The AG front end of our power supply is shown below:

R1 01 2101

Figure 3-26 AC "front End" of our power supply'

An experiment has been performed to show the effect that line filter components have on the

conducted emissions. The commercial splitter / combiner circuits mentioned in the Equipmenl

List, below, have been used to separate the noise into common and differential modes. The

equipment used in the experiment is listed below'

Equipment List:

Mini-Circuits ZSCJ-2-1 180" RF Combiner 1-200 MHz.

Mini-Circuits ZSC2-2 0" RF Combiner 0'02-60 MHz'

Marconi Spectrum Analyzer, Model 2370'

HP 33144 Function Generator'

RG 58U 50 ohm Cables.

R100 2100
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- Solar Electronics 50¡rH, 24 amp Type 8028-50-T5-24, BNC Line lmpedance Stabilization

Network (LISN).

- Tektronix 620 digital oscilloscope.

- (1) Power SuPPlY.

ln this section I have plotted common and differential mode conducted emissions, for several

modifications of the above circuit. The tests were done on the test bench shown in section 3.4'

The conditions tested include:

1. Original, unmodified circuit.

2. L100 removed and shorted.

3. C100 and G105 removed. L100 is restored in this case'

The results are shown below:

dBuV

40

FrequencY (MHz)

Figure 3-27 Conducted Emissions, unmodified filter circuits.

Figure 3-27.

Figure 3-28.

Figure 3-29.
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Figure 3-28 Conducted Emissions, L100 removed and shorted.
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Figure 3-29 Gonducted Emissions, C100 and C105 removed'

Notice that the common mode noise is affected more by L100 than by C100 or C105. Similarly,

the d¡fferential mode noise is affected more by C100, and C105 than by L100.

The plots show the function of L100 is to reduce the common mode noise. The function of C'100

and C10S is to reduce differential mode noise. Usually, these capacitors are selected based on

their self-resonant frequency. At self-resonance, the capacitor exhibits the lowest impedance, its

equivalent series resistance (ESR). Quite often, the most desirable self resonant frequency for

these caps is the fundamental switching frequency of the power supply. Thus, such capacitors

will attenuate the fundamental most effectively.

L104 in figure 3-26 is a common mode filter component. L101 , and L102 are both differential

mode f ilter components.
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3.11.2 Y-Caps and X-Caps.

C10'l , 102, 103, and 104 are called the "Y" caps. These components add "leakage current" to

the power supply and thus affect compliance to safety standards. Leakage current is measured

by connecting line (phase) or neutral to the chassis through an AC current meter. Therefore, the

capacitance of these parts is limited by the safety leakage limit. Our equipment allows leakage

current to be 5% of the rated line current as long as a warning sticker is applied to the product.

C100 is called the "X" cap. The "X" cap causes alarge high frequency current pulse to occur

when power is applied to the AC input connector. The amplitude of this pulse depends on the

angle of the line cycle at the instant the switch is thrown. ln our redundant system, this pulse is

a consideration during our "hot-swap" testing. The disk drives should function normally when one

of the redundant power supplies is switched on.
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3.12 Frequency modulation effects.

During the power supply qualification, an experiment was performed to reduce the conducted

emissions by applying frequency modulation to the main switching rate of the power supply.

Reference [10] explains how frequency modulation can help to reduce conducted emissions. The

fundamental switching frequency can be altered by adding a signal to the UC3844N pulse width

modulator lC, U201, in the power supply. The test circuit is shown in the figure below:

To Function
Generator

Figure 3-30 FM test circuit with UC3844N controller integrated circuit.

The HP3314A function generator was used to apply frequency modulation to the circuit. Notice,

the function generator coupling capacitor has a much smaller capacitance than C206 to reduce

the loading effect. lf a larger capacitor was chosen, the fundamental switching frequency would

be significantly altered, even with no signal applied. A B v peak{o-peak (pk-pk) amplitude

sinusoidal signal was selected on the function generator. The amplitude was adjusted while

observing the driver output signal on pin 6. When the correct amount of FM is applied, the pin 6

waveform is as shown below in the figure below:
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14V

l.__ 100 ps

Figure 3-31 FM oscilloscope verification.

The edges are "spread out" on the scope and appear fuzzy when FM is applied. When delayed

triggering is used on the scope, one can see this edge "spreading" effect more accurately. The

scope is triggered on the first pulse so this first pulse has no spread. Subsequent pulses become

more and more blurred. 100 psec after the first pulse, the "spreading" effect reaches a

maximum. The reason it is 100 psec is: we are using a 5 KHz modulation frequency. Notice in

figure 3-31 , the maximum spreading, 100 psec after the trigger is equivalent to about 10% of the

fundamental or 10 KHz. Thus, the approximate frequency modulation parameters are:

l._ ,l
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f. = SKHz (modulating frequency).

af = 10 KHz (peak deviation).

p= 2 (modulationindex).

The value S KHz was chosen for f, because the resolution bandwidth of the spectrum analyzer

was set to S KHz. The article recommends using a f' near the resolution bandwidth to take

advantage of the energy spread to the sidebands. We limited the frequency excursion, Âf, to 10

KHz to avoid loop instability problems in the power supply. The power supply was designed for a

constant switching frequency of 100 KHz.

Figure 3-32, below shows some improvement in common mode emissions when FM is used.
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Figure 3-32 FM effect on common-mode conducted emissions.
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As expected, the spectrum is smoother in the "With FM" plot above than the "Without FM" plot.

The arrows in figure 3-32 show (3) frequencies of improvement: 18, 30, 36 MHz. At 12 MHz,

however, the "With FM" plot is actually about 4 dB higher than the "Without" plot. ln our

experiment we saw no improvement in the differential-mode emission level when FM was

applied.

Diodes that ring during reverse recovery, such as D151, and D152 (see section 4.5) willstill

contribute the same amount of conducted emission noise independent of the use of FM. New

controller lç's have been designed with FM capability. One such chip is Motorola MC34262.

ln the end, we decided against the use of FM in this design. The above experiment showed

inconclusive results and the cost of adding such a fix, late in the program, would have been too

high.
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4. Radiated Emissions.

4.1 Introduction

As with conducted emissions, international standards 
"pply "lro 

to radiated emissions. CISPR

22,Ihe main European document is quoted again in this section. The CISPR 22, and FCC 47/15

radiated limits have also been included.

The spectrum analyzer is the central measurement instrument employed in radiated testing.

CISPR regulates emissions in the range 30 to 1000 MHz at a bandwidth of 120 KHz. A LISN is

still used to supply power to the EUT, to stabilize line impedance, but the emission signals are

now picked up by an antenna. The antenna factor must be known to make these

measurements. CISPR allows the use of different antenna types to make the measurements as

long as they comply to well defined calibration regulations. To insure compliance, at Unisys

we add 6 dB of margin to the limits set forth in the standards documents'

The near field probe is a very useful tool in radiated emissions research, and some discussion of

these probes has been included.

DC output common mode noise has been found to be an indicator of radiated emissions'

Common mode noise is measured between DG return and the chassis or the AC safety wire. Two

new, improved test probes for measuring common mode noise are discussed. One of these

methods, the 2X probe, has been included in our power supply specification. When a high

frequency coupling (DC blocking) capacitor is used, the 2X probe can also be used to measure

differential mode noise.

Finally, a radiated emission problem encountered during our power supply investigation is

included. Our product failed the initial radiated tests done in April, 1996. The ensuing

investigation, and problem resolution is discussed in detail'

4.2 Discussion of lnternational standards'

4.2.1 CISPR 22.

ln this section, I have included some parts of CISPR 22lhal are relevant to radiated emissions'

ln summary, these are:
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CISPR 22, parl '1 1 applies to radiated emissions'

CISPR 22, part 1 1.2 covers the antenna measurements.

CISPR 22, parL 1 '1.3 covers the test site.

CISpR 22,part 11.4 covers measurements made in high ambient or background noise conditions.

CISpR Z2figures 1,2, and 3 are shown below in Figure 4-1 . These define the "Open Area Test

Site" (OATS).

The CISpR 22radiated limits, taken from CISPR 22par|6, are set forth below in tables 4-'1, and

4-2.

CISpR 22 part9, "General Measurement Conditions" included above in part 3.2.2 applies to both

conducted and radiated emissions.

4.Z.l.l CISPR 22 part 11: "Method of measurement of radiated disturbance."

,,Measurements shall be conducted with a quasi-peak detector instrument in the frequency range

of 30 to 1000 MHz."

4.2,1.1.1 CISPR 22parl l1'2: "Antenna."

,,The antenna shall be a balanced dipole. For frequencies of B0 MHz or above, the antenna shall

be resonant in length, and for frequencies below 80 MHz it shall have a length equal to the B0

MHz resonant length.

,,Note - Other antennas may be used, provided the results can be correlated with the balanced

dipole antenna with an acceptable degree of accuracy"'

CISPR 22 part 11 .2.1: "Antenna to EUT distance'"

.Measurements of the radiated field shall be made with the antenna located at the horizontal

distance from the boundary of the EUT as specified in clause 6. The boundary of the EUT is

defined by an imaginary straight-line periphery describing a simple geometric configuration

encompassing the EUT. All ITE inter-system cables and connecting ITE shall be included within

this boundary (see the second figure in 4-1, below)'"
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"Note - lf the field strength measurement at 10 m cannot be made because of high ambient noise

levels or for other reasons, measurement of Glass B EUTs may be made at a closer distance, for

example 3 m. An inverse proportionality factor of 20 dB per decade should be used to normalize

the measured data to the specified distance for determining compliance. Care should be taken ¡n

the measurement of large EUTs at 3 m at frequencies near 30 MHz due to near field effects."

CISPR 22 part 11.2.2: "Antenna to ground distance."

"The antenna shall be adjusted between 1m and 4 m height above the ground plane for maximum

meter reading at each test frequency."

CISPR 22 part 11 .2.3: "Antenna-to-EUT azimuth'"

,,Antenna-to-EUT azimuth shall also be varied during the measurements to find the maximum

field-strength readings. For measurement purposes it may be possible to rotate the EUT. When

this is not practicable the EUT remains in a fixed position and measurements are made around

the EUT."

Cl SPR 22 parl 1 1 .2.4: "Anten na-to-EUT pol arization 
"'

.,Antenna-to-EUT polarization (horizontal and vertical) shall be varied during the measurements to

find the maximum field-strength readings. "

4.2.1.L 2 CISPR 22 parf.1 1 .3 "Measurement site for radiated disturbance

measurements."

CISPR 22 parT 1 1 .3.1 : "General."

,,Test Sites shall be validated by making site attenuation measurements for both horizontal and

vertical polarization fields in the Írequency range of 30 MHz to 1000 MHz'''

CISPR 22 parl11 .3.2: "Site attenuation measurements."

,,4 measurement shall be considered acceptable if the horizontal and vertical site

attenuation measurements are within t 4 dB of the theoretical site attenuation of an ideal

site."
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CISPR 22parT '11.3.3: "Open area test site'"

,,The test site shall characteristically be flat, free of overhead wires and nearby reflecting

structures, sufficiently large to permit antenna placement at the specified distance and provide

adequate separation between antenna, EUT and reflecting structures. Reflecting structures are

defined as those whose construction material is primarily conductive. The test site shall be

provided with a horizontal metal ground-plane described in 11.3.4. Two such test sites are

depicted in the first two figures below."

,,The test site shall satisfy the site attenuation requirements of CISPR '16-1 for open-area test

sites."

CISPR 22parT 11.3.4: "Conducting ground plane."

,,A conducting ground-plane shall extend at least 'l m beyond the periphery of the EUT and the

largest measuring antenna, and cover the entire area between the EUT and the antenna- lt

should be of metal with no holes or gaps having dimensions larger than on tenth of a wavelength

at the highest frequency of measurement. A larger size conducting ground-plane may be

required if the site attenuation requirements of the test site are not satisfied."

CISPR 22 par| 1 1 .3.5: "Alternative test sites- "

.Tests may be conducted on other test sites which do not have the physical characteristics

described 
.1 1.g.3 and 11.3.4. Evidence shall be obtained to show that such alternative sites will

yield valid results. Such alternative sites are suitable for performing disturbance tests if the site

attenuat¡on measurements described in annex A meet the site attenuation requirements of

11.3.2."

4.2.1.L 3 ClSpFl 22 parT 1 1 .4: "Measurement in the presence of high ambient signals"'

,,ln general, the ambient signals should not exceed the limit. Radiated emissions from the EUT at

the point of measurement may, however, be impossible to measure at some frequencies due to

ambient noise fields generated by local broadcast services, other man-made devices, and natural

sources."
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,,lf the ambient signal field strength is high (see clause 9) at the specified distance, the following

methods may be used to show compliance of the EUT."

',4) perform measurements at close-in distances and determine the limit L2 corresponding to the

close-in distance d2 by applying the following relation:

Lz = Lr (dl / d2).

Where Lr is the specified limit in microvolts per meter (pV/m) at the distance dr '

Determine the possible environmental and compliance test conditions stipulated in clause I using

Lz as the new lim¡t for distance d2 
"'

,,b) ln the frequency bands where the ambient noise values of clause 9 are exceeded (measured

values higher than 6 dB below the limit), the disturbance values of the EUT may be interpolated

from the adjacent disturbance values. The interpolated value shall lie on the curve describing a

continuous function of the disturbance values adjacent to the ambient noise'"
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17.32M
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4.2.1.2 The "Open Area Test Site'.

The diagrams below are taken directly from CISPR 22 figures '1, 2 and 3. These figures define

the "Open Area Test Site" (OATS) used for both FCC and CISPR compliance testing.

Test Site:

20M

Minimum Alternative Measurement Site:

.There shall be no reflecting object inside the volume defined on the ground by the line

corresponding to this figure and defined in height by a horizontal plane > 3m above the highest

element of either aerial (antenna) or equipment under test."

Antenna Test
Sample
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ï
D+2 m

I

Minimum size of metal qround Plane:

EUT Turntable

10m

d is the maximum test unit dimension.

D=d+2m.
a is the maximum antenna dimension'

W=a+2m.

Figure 4-1 Radiated Emissions Open Area Test Site'

4.2.1.3 CISPR 22 radiøted emissíons limits.

Table 4-f clsPR ITE radiated emissions class A,10 meter limits.

The lower limit shall apply at the transition frequency'

Notice the EUT to antenna distance is 10 meters for the Glass A case.

Table 4-2 clsPR ITE radiated emissions @,10 meter limits.

1
d

J

Frequency Range
lMHz)

lF Bandwidth
(KHz)

Quasi-peak limits
(dB rrV/m)

30-230 120 40

230-1000 120 47

Frequency Range
(MHz)

lF Bandwidth
(KHz)

Quasi-peak limits
(dB pV/m)

30-230 120 30

230-1000 120 37

Notice that the difference between the class A and Class B limits is 10 dB'
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4.2.2 ßCC 47lls.

4.2.2.1 Radiated emissions limits.

Table 4-3 FCC radiated emissions class A 10 meter limits'

Note that all Class A measurements are made at a EUT to antenna distance oÍ 10 meters.

Table 4-4FCC radiated emissions class B 3 meter limits'

Frequency of Emission
lMHzl

lF Bandwidth
(KHz)

Radiated Emission Limit
(dB rrV/m)

30-88 100 40

88-216 100 43.5

216-960 100 46

Above 960 100 54

Note that all class B measurements are made at a EUT to antenna distance of 3 meters'

Notice the limits are nearly the same in the two charts. The EUT to antenna distance is different

by a factor of 3.3 : 1 . This is equivalent to a 10 dB difference for farJield radiation as determined

by the equation in section 4.2.1.1.3, above, or 11.4 of clsPR 22. Thus, the '10 dB class A to B

difference is actually the same for CISPR and FCC'

4.g Description of measurement instrumentation'

4.3.1 Antennas.

Notice in the above section, in clspR 22 parl 1 1 .2 "Antenna" a note is included which allows the

use of antennas "other" than the balanced dipole. The antennas used at the Unisys lab are:

Broadband-biconical antenna for frequencies 30 to 300 MHz, and

Log-periodic for higher frequencies.

FrequencY of Emission
(MHz)

lF Bandwidth
(KHz)

Radiated Emission Limit
ldB uV/m)

30-88 100 39

88-216 100 43.5

216-960 100 46.4

Above 960 100 49.5

63



Our power supply vendor uses an EMCO biconical model 3104 C. This antenna employs a

coaxial wound balun and has a frequency response of 20 to 200 MHz [1 1]. This is the antenna

used for the near field test described in Section 4.5.4 below.

EMCO also manufactures a "Gigahertz Transverse Electromagnetic" cell (GTEM) [1 1]. This is a

small tapered anechoic chamber that in some cases can be used for FCC radiated emissions

testing. ln December 2 1993, The FCC officially accepted the use of GTEM data in FCC

emissions equipment authorization. The FCC restricts the use of the GTEM [5]:

"acceptable comparison measurement data must be filed ... accompanied by an appropriate

analysis that demonstrates equivalence with an open area test site ..."

"Comparison data must be provided for each general type of equipment under test"

,,Validity of calculated correlation coefficients must be supported by statistical analysis."

EMCO also makes a line of near field probes. These are sometimes called "sniffer" probes.

4.3.2 Common mode cable errors.

An interesting ar¡cle, [B], points out some of the fine points in radiated emissions testing. The

author recommends the use of a ferrite common-mode choke on the antenna cable near the

receiving antenna's feed point. He further recommends a requirement for such a choke be

added to EMI standards. The article describes experiments done to evaluate the effect of cable

placement on the antenna's received signal'

.Two distinct phenomenon can be observed. The first is related to the behavior of the cable as a

parasitic element of the antenna system; the second and more serious, is related to leakage

between the antenna and cable due to imperfect balance, leaky connectors, and other problems

Variations of up to 10 dB caused by cable movement on a vertical polarization Set-up were

reported."

,,lt becomes clear that the cable position is not a significant factor with horizontal polarization, but it

can ¡ntroduce large errors with vertical polarization'''

,,When this kind of effect is taking place, merely dressing (rearranging) the cable in a carefully

controlled position is not an acceptable response to the problem, since it is obvious that the cable

will impact the measurements no mater how it is dressed."
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Horizontalpolarization measurements were found to be sensitive to the angle of the first 1 meter

of cable with the antenna:

"What we found, however, is that with horizontal polarization we are dealing with a typical null

situa¡on, and the coupling between the antenna E{ield and the cable will vary by a large amount if

the cable is not exactly orthogonal to the field. ln other words, the measurements are not very

repeatable with horizontal polarization. With vertical polarization, coupling between the E-field and

the cable is maximum and the situation is much more stable"'

The paragraphs quoted above need some explanation. Verticalpolarization measurements are

more sensitive to cable position since the cable drop is alwavs vertical. An analogy can be used

to expla¡n the mean¡ng of "nult situation" as it appties to the angle that the cable makes with the

ho¡zontatry polarized antenna. It is like a coin balancing on it's edge. The coin must be exactly

vertical to balance, any deviation results in a fatt. Similarly, the cable needs to be at an exact

right angte with the antenna to nutlthe undesirable parasitic effects. The problem also exists in

the verticat polarization case, but is more noticeable in the horizontal-

Mr. DeMarinis [B] points out that in the vertical polarization case, that increasing the

distance trom the antenna to where the cable bends and drops vertically to the ground

from 1 to 2 meters will reduce the parasitic effect. other interesting observations were:

,,While sett¡ng up for the absorption clamp tests, it was noted that some coaxial cable fittings could

cause the cable Power to jump by 5 dB or more. Attenuator pads with BNC connectors were

particularly offensive. we strongly recommend that type-N or TNC connectors, fittings, and pads

be used exclusivelY."

*The big surprise with this series of measurements was the revelation that the UHF Log-Periodic

have very poor balun isolation. This was checked carefully and repeatedly because other tests

have shown that the LpA's are almost immune to anomalies caused by cable movement. The

reason for their good performance is they have a front to back ratio of about 20 dB. This

provides excellent cable isolation as well as imrnunity to site reflections coming from the rear"'

Figure 4-2, below, shows a typical antenna set up for vertical polarization measurements' ln the

article, [8], an absorbing clamp was used to measure the common mode cable currents- The

absorbing clamp is not shown in the figure since it is not part of the normal set-up-
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Figure 4-3, below, has also been taken from reference [8]. The approximate impedance of

these chokes is given as 400 to 600 ohms at 30 to 100 MHz. The frequency range of interest for

radiated emissions is 30 to 1000 MHz. The choke impedance at this frequency range works out

to 400 to 6000 ohms.

The choke impedances are effectively in series with the undesirable common mode signals on the

cable, but do not affect the differential signals on the cable. The differential cable signals are the

real antenna signals that we want to extract from the measurement.

Thus, we could expect an approximate 4000 / 50C) = 8X or 1B dB reduction in common mode

effects at 30 MHz and as much as 6000C¿ / 50O = '120X or 41 .6 dB reduction in common mode

effects at 1000 MHz with the chokes added'
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Figure 4-2 Antenna stand.
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Type N
fitting

Approx. 5 cm
Spacing*ll*

(12) beads
Chomerics Type 4637

(2) plastic ties
hold each bead

in place

\/

Cable:
R6-8 or

Belden 9913

ïype N
fitting

560cm -,lApprox. 'l

Approximate impedance: 400 to 600 ohms @ 30 to 100 MHz.

Figure 4-3 Ferrite common-mode cable choke.

4.3.3 CISPR l6-l Annex L.6: "Receiving antenna mast installation."

CISPR 16-1 does not yet require the ferrite beads recommended in the article, but it does address

the concerns raised in the article in annex L.6, quoted below:

',The receiving antenna should be mounted on a non-conducting support which will allow the

antenna to be ra¡sed between 1 m and 4 m for measurement distances of 10 m and less. The

cable shall be connected to the antenna balun such that for horizontally polarized antennas the

cable is orthogonal to the axis of the antenna elements at all antenna heights in order to maintain

balance with respect to ground. The cabling from the receiving antenna balun should drop

vertically to the ground plane approximately 1 m or more to the rear of the receiving antenna.

From that point it should be kept on or under the ground plane in a manner so as not to disturb

the measurement. The cable between the antenna and disturbance analyzer should be as short

as practical to ensure acceptable received signal levels at 1000 MHz."

,,For ver¡cally polarized dipole-type antennas, the cabling to the measuring receiver should be

maintained horizontal, i.e., parallelto the ground plane, for a distance of approximately 1 m or

more to the rear of the receiving antenna (away from the EUT) before dropping to the ground

plane. An antenna boom approximately 1 m in length will suffice. The remaining cable routing to

the analyzer is the same as for the horizontally-polarized case."

,,ln both cases, the antenna factor calibration should not be affected by the presence of the

antenna positioners and disposition of the coaxial cabling attached to the antenna."
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4.3.4 "îheturntable.

part 5.4.4 "Turntable" in [a], ANSI C63.4-1992, describes the open area test site turntable that is

used in CISPR and FCC radiated emissions testing. This turntable is shown in figure 4-1, above.

The EUT is placed on the turntable and rotated 360'to produce maximum radiation. lt is

recommended that the turntable be remotely controlled to eliminate test personnel near the EUT

from affecting the test results. Floor standing EUT's should be tested on a metal covered

turntable that is flush with the ground plane. Table mounted EUT's should be tested on a non-

metallic table at a normal height for product usage.

The gap between the turntable and the ground plane can affect the site attenuation. This can be

checked by applying conductive tape between the ground plane and the turntable every 30"

around the turntable perimeter. The results should not noticeably change when this is done.

Ver¡cal polarization measurements under 100 MHz are particularly sensitive to this gap.

ln some cases, the turntable should have a hole in the centre through which cables can be

dropped through the ground Plane'

part S.4.5 *Antenna Positioner" describes the requirement for a height positioner for the antenna'

The receiving antenna must be raised and lowered between '1 and 4 meters above the ground

plane. The positioner should be constructed of non-reflective material such as wood or plastic.

Any metallic parts should be located as near as possible to the ground plane'

For GISpR and FCC measurements the receiving antenna height and EUT azimuth are

adjusted for maximum radiation during the qualificat¡on tests.
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4.4 Lab techniques and methods.

4.4.1 Sniffer Probes:

An example of a sniffer probe that can be used to detect magnetic fields is shown in figure 4-4,

below [12].

Figure 4-4 Magnetic field sniffer probe.

Reference [12] states the advantage of this probe to be that the shield prevents electric field pick-

up. lt could be used to detect interference derived from current spikes. Thus, this probe could

be used in investigations like the one described below in section 4.5, to investigate reverse

recovery current ringing in the 12.1v output rectifiers. No experiments were done with this probe,

but it could be used in future work.

4.4.2 Low Impedance Scope Probe:

Below is a 100 ohm probe that can be used in a low impedance measurement. We recently

added this probe to our power supply specification. This probe is useful in high frequency

measurements because the probe RC time constant is lower than that of a conventional 10X

scope probe. A coupling capacitor is needed only to block DC voltage and thus reduce the power

dissipation in the (2) resistors. The coupling capacitor is not needed to measure the DC output

common mode noise between DC return, and safety ground, or chassis since there is no DC

present. For the 2X probe, at frequencies well above the low frequency cutoff frequency:

1 I (2n. 50 c¿ " 0.01pF) = 32O KHz,

Miniature Coax
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the cable is correctly terminated on both ends of the cable. Thus, above about 1 MHz, we can

say the cable presents a nearly pure 100 ohm resistance to the noise source. The voltage at the

scope needs to be doubled to correct for the resistor divider effect. This probe is useful in the

measurement of high frequency, > 1 MHz, ripple on the power supply DC output The high

frequency limit depends on the capacitor self-resonant frequency. A "disc" ceramic capacitor is a

good choice since the internal inductance is low. Frequencies approaching 100 MHz can be

measured with this Probe.

The probe impedance can be increased by changing the resistor at the probe tip to a higher value,

such as 450 ohms (10X). ln this case the probe impedance is not matched at the probe tip end

of the cable. This is acceptable, since the 50 ohm oscilloscope produces no signals, and reflects

nothing back to the probe tip. One consideration in the des¡gn of such a probe is that the scope

termination becomes important. An imperfect match at the scope causes reflections back to the

probe tip, where there is a near unity reflection coefficient. The original reflections at the scope

are not killed, but return back to the scope again where the error is compounded. The loading

impedance for this probe is 500 t¿, and the low frequency cut off is only 35 KHz. The scope

signal amplitude must be multiplied by 10 to allow for the 10:1 resistor divider effect.

Low Z-2X Probe:

50 ohm
internal

termination.

Figure 4-5 High frequency 2X Probe'

Ground Plane
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4.5 Discussion of a probtem sotved during our power supply qualification

work.

4.5.1 Introduction.

Our company tests final product radiated emissions at a test site in Pennsylvania. The initial

tests, done in April 1996, resulted in a failure of a single product with 2 power supplies as shown

in figure 4-7, below. The test results are shown in figure 4-6. I was unable to go to the test site

for any of the qualification tests so very little information about the problem was learned at the test

site other than that the product failed. The test personnel performed some experiments to trace

the problem but were unable to determine the root cause. we received the failing results, and re-

scheduled the tests for the following month.

I was still able to contribute to a resolution to the problem. First, the power supply designer was

alerted to the problem. He performed a near-field emissions measurement in his screen room to

confirm the problem. Next, he used his own near-field probe to trace the source of the radiation'

The source was tracked 1s ¿ +12j V output rectifier diode that was ringing during reverse

recovery. The addition of a ferrite bead to the diode leads was suggested as a possible fix'

I then built a near-field probe, shown in figure 4-'10 to do a "second-witness" test to confirm the

designers findings. A final test was made using a high Írequency current probe, and spectrum

analyzer on the DC output common mode noise. Both of these tests indicated agreement with

the fix suggested by the designer. The test methods developed could be useful in future work'

Finally, the fix was implemented on I product boxes, with '16 power supplies and when the test

was re-run the following month, the results were positive:we passed.

4.5.2 ProblemDescriPtion.

During radiated Emissions testing at our EMI test site the supply failed while installed in our

product. Figure 4-6 is a plot of the results. From figure 4-6, we see three spikes at

approximately 52, 63, and B0 MHz that are within 6 dBuV of the clsPR 22 Class A, 10 meter limit'

The emission was highest when the "back" or AC input side of our product was rotated lo face the

receiving antenna. ln other positions of the turntable, the radiated emission level was acceptable'

High levels were seen as the EUT was turned through a -50' angle.

The noise is not really narrow band as shown in the plot. This is explained by the measurement

method. First, the spectrum analyzer is set to continuous sweep and areas of concern, within 6
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dBuV of the combined FCC/CISPR limit are spotted. Then, manual sweep is selected, and the

frequency is adjusted to these areas of concern. The frequency is left at one setting for a period

of time to catch a more accurate reading at that frequency. Thus, the plot appears to be made up

of discrete spikes, but the actual spectrum is broadband. While one frequency is selected, the

product under evaluation must be rotated on its table 360 degrees, and the antenna raised and

lowered 1-4 meters above the ground plane to find the worst case, peak emission, orientation.

The FCC requires a minimum of 6 signals be maximized in this way. The highest signals are

done first, followed by progressively lower ones.

EmLseLon Leve1 (dBuv/n) lrarclr 8' 1996

100
FrequencY MHz

Figure 4-6lnitial EMI product radiated emissions data'

The FCC/C|SpR composite limit, in the bold line, is a composite of the two agency limits' At any

given frequency, the lower of the two limits is shown.

4.5.3 Initial HyPotheses

The high emission arca atthe "back" of the product is where the 2 AC power cords enter. See

figure 4-7, below. This face also houses the removable fan assemblies. The entire inside of the

product is coated with a conductive coating for shielding EMI'

80
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t¡lilillll
Fan Housing

Power Cords

Figure 4-7 Product diagram.

The first theory proposed was that the conductive coating on the inside of the removable fan

housing was not making a solid RF connection with the product coating. This might create a slot

antenna at the ,,back', of the product. The - 2 meter line cords could then pick up the radiation

and radiate their own noise. When 2 meters is equated lo )'12, the frequency works out to 75

MHz, which is in our problem frequency range. To check this theory, the power cords were

replaced with shielded AC cables. A better way might have been to use a common mode ferrite

surrounding the cord near the back of the product cabinet as described in [8]. Metal tape could

have been used to improve the RF ground between the product and fan housing conductive

ground coatings.

Another possible cause was common mode emissions from the fields between the power supply

chassis and the DC return. The RF contact between the power supply and the inside conductive

coating was under scrutiny. To check this out, metal tape was applied between the power supply

chassis and the metal paint on the inside surface of the product cabinet'

The results of these experiments were not conclusive and the product had failed the radiated

emissions test.
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4.5.4 Near-Field Test

After discovering this problem, experiments were done on a single power supply to find the cause

of the emissions in this frequency range. An EMCO biconical Model 3104C antenna was brought

into a screen room, normally used for conducted emissions. lnside of the screen room, this

antenna was operating in the near field emissions of the power supply. The antenna was

connected to the HP spectrum analyzer to evaluate fixes.

By trial and error, the problem was traced to the +'12.1 V rectifier diodes. These diodes were

ringing during reverse recovery. The rectifiers were not schottky rectifiers and are known to have

caused similar problems in the past. Schottky diodes were used on the 5.1 V output, but not on

the +12.1 V output because of high reverse DC leakage at +'12 VDC. T1 00, in figure 4-8, is the

main transformer which runs at the main switching frequency, 100 KHz. The RFI problem was

solved by installing ferrite beads on the cathode leg of the +12.1v rectifiers. The part number of

the final part was Fair-Rite bead #2643000101 . The impedance is specified to be a minimum of

21 ohms ar.25 MHz and 40 + I ohms at 100 MHz. The +12.1 V output circuits are shown below

in figure 4-8:

T100

il

To
+12.1v

(-).

Figure 4-B 12.1Volt DC outPut circuit.

The spectrum analyzer plots in figure 4-9, below, show an improvement in near field radiation in

the 45-65 MHz range, with ferrite beads added to the cathodes of D156/157.

To
+12.1v

(+).
R156 C157 | D1s7 +
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s/N 106 with
Ferrite Beads Added

s,/N 1-66 Withour
Ferrite Beads

50

Electric
Field
Strength4o

dBuV/n
30

20

30 40 50 60 70 80 90

Res BW 100 IGlz FREQITENCY (MHz) vBIÙ 30

Figure 4-g S/N 166 Ferrite beads near'field improvement'

r.00 11-0

Í<Ez
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4.5.5 Homemade Near-field Probe Test

Another test was next performed on a single power supply. To further evaluate the fenite bead

fix, a near-field probe was made up of a Tektronix P6205 FET scope probe with the 6.5" ground

clip shorted directly to the probe tip. This forms a loop antenna with a cross sectional area of

about 3.8 square inches. A 500 ohm 10X probe, described in section 4.4 above, was built to

record the D1 56fi57 cathode waveforms which show up in the top traces in figures 4-11, 4-12,

and 4-13. The bottom trace in figure 4-1 1 shows the near-field probe pick-up without lhe ferrite

bead added, and the bottom trace in figure 4-12 shows the near-field probe pick-up withlhe ferrite

bead added. The experiments described in this section were all done on the conducted

emissions bench shown in figure 3-1.

Figure 4-10 Oscilloscope probe' "homemade" near'field probe.
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Top Trace: D|56/DL57 cathode, lox Probe' 1'OO v/Div, 50 ns/Div
Bot Traces Sníffer probe 5" iron téa= of supply, P6205 Probe. 100 mv/Div.

Figure 4-11 scope near-f¡e¡d probe p¡ck-up withoglletrite beads.
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Top Trace: DL56/DL57 cathode, lOX Probe, 1'00 V/Div, 50

Boi Trace: Sniffer probe 5tr from rear of supply' P6205

Figure 4-12 Scope near-field probe p¡ck-uP withlertile beads.

Again, the lower traces in the two figures above show the near-field probe output' The upper

traces, in both plots, are the '1 0X probe D156/157 cathode voltages during diode reverse recovery.

A real improvement in the near field pick up is seen in the lower trace of the f igure 4-12. Also,

notice on the voltage waveforms, the main radiation occurs about 150 ns after the falling edge'

The ferrite beads seem to round off a small bump that can be seen on the voltage waveform of

the upper plot.

Figures 4-1'1, thru -15 were all made while edge triggering the scope on the maximum near-field

probe signal. This is the lower trace. Edge figgering is selected and the level is slowly raised

up until triggering stops. This way we are sure of triggering on the maximum noise coming from

the EUT. Notice that the maximum near-field probe signals line up with the falling edges of the

cathode voltages. Figure 4-13, below shows the cathode voltages and near-field probe output

on an expanded time base.

nS/Div
P¡obe. 100 nv/Div.
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Time (2.5 us/div)
Band wídth : 500 mHz
CH 2oNormal Triggering

Figure 4-13 Scope near-field probe pick-up. No territe beads. Cathode waveform.

Next, a more careful measurement was performed to measure the reduction in signal strength

obtained by adding the ferrite beads. Plots 4-14, and 4-'15, below were made with the near{ield

probe placed exactly 2.4" tromthe case of the power supply with the loop plane facing the supply

at the point where the nruo diodes are mounted to the chassis. The loop plane was oriented

parallel to the chassis. For both plots, the scope was edge triggered and the trigger level was

slowly increased until the scope stopped triggering, then eased back down until it triggered at

about .l Hz. After 1 minute, in both cases, the greatest pk-pk reading was recorded. Both

waveforms were stable and the results were consistent for several trials. The ferrite beads yield

a field strength reduction from 165 mV pk-pk to 105 mV pk-pk, or 4 dB.

BO



cwz >

c
1
h2
55 m'

k-Pk

i

ri

li

I..^ Àl ;;illilïil r;: ¡

Irl-J
(¡1L :

J
nv)

'v'v't
ïluï

llÏÏv'Ï
/VVÏVVl

//¡\-i--4- a-:'1/

TJ

Time (50 ns/dív) "
Band width : 500 mHz"
cH 2: 50 mV/div"
Trigr 4t mYo Normal Triggering"

Figure 4-14 Scope near-field probe pick-up. No ferrite beads-
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Figure 4-15 Scope near-field probe pick-up withlerrile beads added.

4.5.6 Current Probe Test

One last test comparison was made to determine the relative improvement gained by adding the

two ferrite beads. An excellent indication of radiated emissions can be obtained from the

,,common mode" voltage between the power supply chassis and the DC return' The reason is

they are both rather large conducting nodes, both susceptible to noise pick-up. The chassis is

connected to the AC ground in the AC cable, and DG return is connected to all the ground planes

in the product's pc boards. These two "grounds" can comprise the two elements of an antenna.

ln most products these two "grounds" are tied together at only one point in the product to avoid

circulating currents. Thus, a measurement of the current that flows when the DC return is

connected to the chassis, or safety ground, has great practical merit. The reason for a

single point connection is to eliminate the possibility of creating a loop antenna from multiple

chassis to DC return connections. This connection should be kept short since there will be a

common mode current through it.

The measurement of common mode noise was accomplished with a commercially available

current probe, model 711 Írom American Laser Systems lnc.. To measure the current, a small
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wire was connected between chassis and DC return near the power supply output connector.

The wire was under 2" in length and ran from under a chassis screw to the nearest DC return pin

on the power supply output connector.

Figure 4-16, below is a drawing of the current probe.

/1- ac-¡¿,u
Prcbe Material
Black Solid EPoxY

r

Positive Polarity
(Red Dot)

.046" Dia. Hole

Figure 4-16 High frequency AC current probe'

Before measuring noise, the frequency response of this probe was tested on our spectrum

analyzer. The top trace in figure 4-17, below is the spectrum analyzer output when the -10 dBm

internal sweep generator is connected to the analyzer input. The units shown are dBuV' The

trace is reasonably flat from 0-90 MHz at + 97 dBuV, which is equivalent to -10 dBm in a 50 ohm

system.

To test the frequency response of our 711 current probe, we did a measurement of the current

output from the sweep generator when it is terminated with a 50 ohm high f requency, 1/4 watt

resistor. This was accomplished by constructing a small BNG connector stub. The BNC

connector was crimped to 2" of RG sB-U coaxial cable and a 50 ohm high frequency resistor was

soldered across the coaxial cable end. One leg of the 50 ohm resistor was run through the

current probe to make the current measurement'

The bottom trace in figure 4-17 proves the quality of this probe to be acceptable in the frequency

range 1-90 MHz. The probe actually has a low frequency cut-off of I KHz. Notice the flat part of

the bandpass is 34 dBuV below 1¡s +97 dBuV sweep generator output shown above. This is

exactly as expected since the current is equal to the sweep generator voltage divided by 50 ohms

(-34 dB). our spectru m analyzer always produces a "blip" aTzerc frequency (DC) even when the

average value of the waveform is zero.
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Figure 4-18, below shows the improvement gained by adding the fenite beads. The lower trace is

a shot of the background noise measured with the 711 current probe monitoring the common

mode current while the power supply is off. This is another "sanity" test done to check the validity

of our measurements.
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Figure 4-18 Common mode DC current noise spectrum'

Again, the ferrite beads yield an improvement. The common mode noise is lower with ferrite

beads on the D|581157 cathodes than without. Notice there is a consistent improvement in the

range 30-80 MHz. This data is not identical to the results of the EMCO biconical antenna near

field measurement shown in figure 4-9, but both plots do show some improvement in this

frequency range. The Unisys agency test site measurement shown in figure 4-6 is also

fundamentally in agreement with our common mode current probe results. One must keep in

mind that the plot shown in figure 4-6 is not a continuous sweep, but only a few, select signals that

have been maximized.
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4.5.7 Final Test Result

ln April, the EMI test was repeated at the Unisys test site. This time more than one product was

used. A total of 8 product chassis, as shown in figure 4-7 were stacked, one on top of the other

and installed in a metal cabinet. This means that '16 power supplies were used in this later test,

and there were only 2 power supplies in the original March test, figure 4-6. The "back" or AC line

side of the product units were not shielded by this cabinet. The power supplies had all been

upgraded with the ferrite beads on D156/157. The passing results are shown in figure 4-19,

below.

Eni.ssfon Level (dBuV/nl A¡rrtl 11 1996

FCC/CTSPB 22
cr,As¡s A e 10u

i:i::i
i:i
-i-, -i-- i -

iii--t------ -l-- ---l----
:iiiii

_-*_i
-l--

1000
Frequency MHz

Figure 4-19 Final EMI product radiated emissions data'

The final results, above, have some "new" spikes near 130 MHz that did not appear in the initial

test results, figure 4-6. We can not be sure that these are new, Since on a given test, only

frequencies judged by the operator to be "near the limit" are maximized and recorded' "Near the

limit" is a subjective judgment which may vary from test to test.

The test configuration was different from the initial March 8th test. The final test was more likely

to show a problem since there were I products stacked up. The initial March 8th test was done

with only a single product with only 2 power supplies. Thus, we conclude that the radiation

problem was fixed by the ferrite beads.
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