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ABSTRACT 

An evaluation of the present specifications for conducted 
interference in MIL-STD-tólA and 462 is reported. The basis for 
setting limits is reviewed, and the test methods presently called 

for are applied to several types of commutiicatlons and radar equip¬ 
ment. Statistical data on powe1" line and equipment internal 

impedances permit a comparison of present emission and susceptibility 
limits and permit the computation of new limits by inserting the 
data into a theoretical interference model. 

A radiation model is used to arrive at an absolute limit 
of current from an interference source. This limit is converted 
to a measured emission current limit through use of a statistical 

circuit model, assuming an allowable 2.3¾ probability of interference. 
A corresponding susceptibility limit is derived. 

From the standpoint of efficiency in predicting compatibility, 
the optimum value of emission test load impedance is the average 

actual load impedance, and not a shor !: circuit as is presently used. 
Limits derived for both test terminations, and accuracies of the 
two techniques are compared. 
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Certain new emission and susceptibility limits arc proposed 
and specific recommendations are presented on test methods. 
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Section 1 

INTRODUCTION 

1.0 Objective 

The objective of this program is to"lnvestigate, to establish, 
and to validate the electromagnetic emission and susceptibility limits 
specified in MIL-STD-461." The purpose is to provide sound engineering 
limits applicable to the test methods associated with particular 
equipment classes and environmental categories. 

This report is primarily concerned with the conducted aspects 
of the work, namely, the examination of specifications related to 
conducted emissions (CE) and conducted susceptibility (CS). The 
emissions in question consist of any undesired signals emitted by 
electrical or electronic equipment on conductors connected to them, 
such as power lines, and input, output or antenna leads which might 
interfere with other equipment. The emissions may be conducted into 
other equipment or they may couple into other equipment by induction 
or radiation from the conductors under discussion and thereby affect 
susceptible equipment. 

_ general approach used In the derélonnant nf this r.«««„,>, 
prograa vas discussed In the first technical rejo??:. Ths£ ^ h 

-síatl^hlü Jointed which was used to desSlhi the 

anfa Srtîïl îutîLC^UCî^ r,*dlat<,'i '“Cslons «d susceptibility, 
Ht ofmus »s ^s t0 tlM »Hbllsh/’ 
details. Because of the'intH»™^ COMI“ltrf ^ further 
phencmena. It to, been necëHH? ?" ccnductad 
radiation as veil as toHHHon? * ltt'Btlon ln «>*• «a* ‘0 



Qeneml Viewpoint 

^ be well to state the underlying 
viewpoint which motivated the approach taken here. ^ 

It vma recognized at the outset that the effort toward 
^1° « control^Bpecif icâtlcn. taa 

th.^rk or ir^r^rz^iz jepr'“,,nt * di»tuia- 

siiïnlfîpanee iTtî 7 ‘‘“/f'“"8 »Pacifications. Of coMldeiablf 
oh^ei^ïf ll the lack of documentation on the rationale behind the 

Um HTf^' Í1 “ °“ bell'f ttot s,,ch d°c«»"la- 
foTtta î?6“" I8 to T “ aPPPodatlon 
Í2Í furtW * tn,the te8t Procedure and the limit, and If 
12; further work Is to result In. sIgnlflcant Improvement. 

1.2 Protection Afforded by Interference Testluff 

ferene* t^«+Î!»U<8<í ^ flr8t rePort»** the purpoee behind Inter- 
anee only very <nrr¡U“£y ®lectranft««etlc Incompatibility will 
and procedurel^h^îT^f ^ f recognized that Umita 

?!îîU, h« ««iff le lent to cover most cases, not the 
fcTïïî f+Î # Í£.the UtUT 18 une camón. This means that there will 

th' “P"11,1»«“»"» Individ- 
«Till .It operate compatibly when Initially installed. In such 

» additional steps will have to be taken to make the svstem wnrk 
Üg-r*- *y ■«*» m navaf ^ Is ^ 

’ Zt lB n®neeBary to put the limits at a^evel 
SiTiä^SV COBt di8^vanta«e-that Is, at wílch "e 
n“ eÍ^ríhe^«í iíTSf ^ 8pWtfic&tion vlth raised limits does not exceed the cost of achieving compatibility a posteriori. 

th. Í!Ttí¡rlíw.í’!C“1T1 Tlkltr‘IT a«P“l°ns on 
ou^ht not to suiuoot ttat ïb.'^r1*' ÎT 1»vel» »“d tTChnliMs. This 
need not h* the test results are the product of whim anl tÍt iS-StiSSn'STÄ: ^ drïfîïln8 the mod81 to arrivé a specification limit the compatibility engineer will know that in 

I?* Colleotlon Techniques," Report Ho. 
üec* 1900. 

Id. 

L, Test Method CE, 



a particular configuration the Interference conditions may be below 
the stated limit level. This knowledge should be a useful guide to 

him in making decisions on his specific configuration. Where such 
arbitrary choices ere made they are based, to whatever extent possible, 

on typical configurations, and the limits so obtained are checked to 

see if compliance can be expected in view of the current state of the 
art. 

It has been observed by some that the specification limits 
should perhaps be variable, depending on the configuration in which 
the equipment is to be employed. This has obvious disadvantages for 

general specifications such as MIL-STD-461A and 462. Rather than go 
in this direction it is advisable to fix the Unit; in special situa¬ 
tions the engineer responsible for the system would know what 
protection he needs and could specify other limits. 

1.3 Technical Approach 

The approach to this work was three-fold. The theoretical 
and practical rationale for choosing the quantities to be measured 

and the limits to be placed on these quantities were examined; 

measurements o1, environmental parameters to enable us to specify 
reasonable limits were made; and meny of the tests specified were 

carried out to determine, at first hand, what problems of implementa¬ 
tion and Interpretation exist. 

Section II of the report provides a review of present limits 
and discusses various aspects of the rationale behind them. These 

data are used as background material for recommendations made later 
in the report. Section III presents two analytical models upon which 

certain fundamental limit reccnmendations are based; one concerning a 

radiation basis for a conducted limit, and the other, a criterion for 
choice of a measurement method. 

In Section TV measured data are inserted Into the results of 

Section III to provide certain"theoretical" limits. In Section V 
an "evaluation" of these limits Is made, taking into account certain 

"piactical" considerations. Section V also develops other limit 
recommendations not explicitly discussed previously and conments on 

present test procedures and proposed revisions in them. Section VI 
summarizes the main conclusions and reccnmendations. 



SECTION 2 

A COMPARISON Of EMISSION AND SUSCEBTIBILITr UMITB 

traceB the development of elect rcw^netlc 
compatibility standard» and specifications over the past several 
decades. Mich interestin« data are presented on the various 
considérât ions involved in setting the limits established frcm time 
“° A 8°°0 background on the complexity of the situation can 
be obtained from this paper. 

, . °n* conc®rn8 bimself with the situation in which a source 
of interference Is coupled to a susceptible device only by means of 
conduction, a suitable means of control of interference can be 
established by providing limits for susceptibility and for amission 
having an appropriate relationship between each other. A discussion 
of this relationship Is given in Pearlston's paper. With the Units, 
when expressed on commensurate scales* arranged so that the 
susceptibility limit Is higher than the emission limit at all 
frequencies* Interference would not be expected between equipments 
!?Îlll8mî?e ^l-ess there were actually a coupling gain between 
them. This concept becomes more complex in the case of broadband 
Interference as compared to sine wave interference, since in the 
broac.And case the condition for susceptibility is dependent upen 
the bandwidth of the receiver which is used, and the limits must 
b* properly expressed in terms of appropriate parameters of the 
imtaracting devices in carder that the criterion can be applied with 
confidence. 

2*1 Bu—MT of aneelon Limits (Power Leads) 

Present MIL-8TD-461A conducted emission limits for both 
broadband and narrowband noise are shown in Pigs, la and lb. These 
limits are given in either decibels above 1 pA (in the case of 
narrowband limits) or in terms of decibels above 1 pA per Mi* (in the 
case of broadband limits). As pointed out by Pearlston, the basis 
for the shapes of these curves is not well documented by published 

“J* í*lr to 8tÄte» however, that it is likely that equipment 
will be able to accept higher levels of interference at low frequencies 
than at high frequencies because of the improved efficiencies with 
which energy at higher frequencies can be transferred from one 
circuit to another by induction or radiation. Furthermore, it is 
likely that the general shapes of these curves are consistent with 
levels of spurious interference which .are observed in equipments of 
various types. Thus* the shapes of the curves are partly based upon 

ymt 1» Wrong with MS Specifications," C. B. Pearlston* Jr., 
nsctroolc ftiglneer, July 1968, p. 66. 
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what is obtainable In pi^ctlce (a matter which deserves consideration 
from an economic point of view) and partly on surceptlbillty 
considerations. 

The special limit for hand tools is apparently very 
specifically based upon what is obtainable; in fact, recently this 
limit has been considered for revision upward because of the 

difficulty of meetinf It. From a practical point of view, it would 

seem that a high limit Is permissible for hand tools since such tools 

are generally used for only a short period of time In susceptible 
locations, but a "use" discipline may be necessary In a critical 
operational situation. 

The low values of emission permitted at antenna terminals 
are presumably Justified on the basis that such currents would be 

directly connected to antennas which would redíate, or to other 
receivers which would be quite susceptible to relatively small 
currents when they are coupled directly to the antenna Input 
terminals. 

2.2 Summary of auscaptlbllity Limits (.Power Leads) 

Figures 2a and 2b show present susceptibility Halts (curves 
-abeled CS) lhe one labeled C806 Is a theoretical spectrum of s 

pulse, used In a spike test, which apparently is designed primarily 
to test the susceptibility of an equipment to a transient cm a power 

line. (To calculate the spectrum conveniently it was necessary to 

approximate the actual pulse waveform given In l€tl^STD-46l. ) The 
transient is approximately 10 ps long and has a peak value of 100 V 

or twice the line voltage, whichever Is less. This test La mot 

meant specifically as an evaluation of the performance of a device 

to broadband Interference. No other broadband susceptibility 
requirement appears In this standard. It should be noted that the 

spectrum given in the figure drops off rapidly with frequency above 
100 kin. 

The narrowband susceptibility level for power lines Is 

also shown on Fig, 2. it Is flat at about 1.0 V at frequencies above 
50 kHz and somewhat higher at lower frequencies. 

2.3 Correlation of Balsslor, and Susceptibility Halts 

'Where only ccBdiwtlcB 1s Involved, In order to relate the 
susceptibility Halt with the emission limit, one can aUtlply Um 
permitted emission current (which 1« presumably short-circuit 

current) by the expected parallel impedance of the power line and 

Internal impedance of' the source. Ih studies described In later 
sections of this report, value, of the power line lapedance as a 

function of frequency were determined, as given In Pig. 8. Usli* the 
data on Figs. 1 and 8, ans thus dbtaln* 'the curvee on Pig. ® 

? 



{*
H

) 





Identified by the words "(assuming average load impedance of Fig. 8)." 
Hote that these Impedance data are "unsmoothed" and therefore these 
curves show sudden changes In shape. later in the report the curves 
of Fig. 8 are "smoothed" before being used In generating recommendations. 
Comparing the narrowband curve with the narrowband susceptibility 
limit curve, also given on Fig. 2, one observes that at a frequency 
of 400 Hz there is onlj about 18 dB of protection (that is, the 
difference between the susceptibility value and the emission value), 
at 50 kHz there is about 70 dB, and at higher frequencies the 
degree of protection is of the order of 65 dB. Some of the 
protection might be considered as needed to take into account the 
fact that the impedance values used in the emission curve are nominal 
and that they actually vary over a wide range. The apparently high 
degree of protection, however, underlies the fact that this concept 
was probably not used in establishing present limits. 

The high value of the narrowband susceptibility limit which 
Is taken out to 400 MHz Is thought to be required for operating 
susceptible devices in the local field of transmitting antennas. 
Here a "mixed" radiation-conduction mechanism is involved where 
radiation from the antenna is coupled Into unprotected power lines 
and thereby produces substantial voltages at the device power line 
terminals. Considerations of this type of coupling, although 
strictly speaking lying within the scope of the work on radiation 
planned for the next phase of this study, require special treatment 
In attempting to correlate emission and susceptibility limits. 
Figure 2 also compares the broadband voltage expected on the line at 
the limit value of the emission current and the spike spectrum 
specified in CSO6. Although this comparison may not be valid, 
generally, the difference in these curves is large at low frequencies, 
but decreases at higher frequencies where they eventually reverse 
positions* In the frequency range up to 100 kHz these two tests, 
broadband emission and broadband susceptibility, do in fact measure 
comparable quantities and appear to be separated by an unjustifiable 
amount. It is conceivable that the explanation for this difference 
lies in the susceptibility criterion used in the spike test, Where a 
major failure is implied (such as loss of Information stored in a 
computer memory). Presumably, this type of spike is expected to 
occur very infrequently. 

It would also be possible to compare the broadband mission 
limit with the narrowband susceptibility limit, on the assumption that 
the susceptible device has an effective bandwidth, and if one 
multiplies the emission strength hy the effective bandwidth and 
obtains a level which exceeds the narrowband susceptibility level, 
one would expect to get seme degradation In performance of the device. 
Just how much degradation would be obtained would depend upon the 
repetition rate of the broadband noise and other factors. To make 
this comparison, one must tabulate such effective bandwidths for the 



various devices which might be connected to power lines of Interest. 
A procedure of this kind Is described In connection VIth new limit 
proposals In a later section of this report. 

2.4 Signal ano Control Leads 

\ 

Figure 3 shows data correspondit« to that on Fig. 2 for 
signal leads. Here, the susceptibility limits, as given in 

L-STD-461A, are In every case flat with frequency? In relatir* the 

limitan t10111 fer C^> °5 ^ t°11“ <rf currtsnt to the susceptibility 
limit in terns of voltage, we have mltlplied the current limits hr 50 7 
assuming that the Impedance of the signal or control line is 50 ’ 

Caß?' .It ls PartioilM-ljr Interesting In this case to^Lte 
hat the emission and susceptibility curves cross, so ttet at low 

frequencies the allowed value of emission exceeds all susceptibility 

b use e ntThi^i t of comparing the emission and 
usceptibllity limits are obvious. Note also the susceptibility 

U its on Intermodulation and spurious response ax« given In terms 

ar/+helVer sensltlv1^ ("standard reference output"). These levels 
are therefore comparable only If one assumes values for the 

corresponding sensitivity. Curves are shown on Fig. 3 for 0.1 u? 
sensitivity and 1.0 pV sensitivity receivers. ^ 

it should be further noted that there Is no effective broad- 

teBt, 0X0ept for the evaluation of the squelch 
circuit. Here again one could relate the broadband emission limit 

bLdSidSïI?,ï??dH8U?CeptÎ1Ut3r ^ “ exa,alœticn of the effective 
bandwidth of the devices which are Involved. In such an evaluation. 

a“i assumed there were no significant spurious responses of 

SDuri^^rJïi^* However, cases have been known Where out-of-band 
spurious broadband responses of significant uagnltude wore observed. 

2.5 Summary 

A succinct discussion of present 
susceptibility limits has been presented 
pertinent rationale underlying them. 

conducted emission 
along with sc.« of 

and 
the 
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3*1 lntmdiictlan 

». u,it '• 
tumn that not,. iLatl»a SL f"1? í Th' "" “» ^ 
obaarrad ln tl» iwnU. radiating ♦ fK,WBr ^«rainala, which ara not 

point ... tv-r*o* 1 ■ T..i P**1'®1' 1^*1. to sene nor. mnot. 
a™ M»re oe radiated to nearby sensitiv* eaulrawart t« 7Z, 

m»Bt the liait established Is Intended to ^ . ^ hl" 
current on power leads below a level Uln th® no1®* «1 salon 
ccnfüruratlm °" a 1*r®1 '»hlch, in a certain assuawd 

iMUaful. The’analysis of ^hl s*^*! f l#ld* considering potentially 
^18 of thlB “«i«1 I" carried out In Section 3.2. 

corralatlng^aBlaälon'and^BuecentiU the proper ^18 f°r 
Section 2 at this report. The ÍlÍn ÍÍ íí*itB T JUBt ámcTl^ 1° 

the equlpaant eatlamnc ZÍh 80 M to ln8ure that, if 
to M» Uni. th. 

l^e laboratory oaission test Is carrttl wtÜ^a* T88^" CurTmit‘ 
Itself chosen to laprove the quamT^nTs^wî "T P 10 
compatibility prediction. anal^u 0f «tí* ?*“e’ °f tlMS owt la flection 3.3. anagrais or thlo aatter Is carried 

3 2 M^t of Allowable Current on iwr 

enters and passes alön^the^ower1*!^!*^ Rot#* ^1881°11 current 
the wiring ccnflgu^n^ ^ 

^Ä.-csLis: rä.’LrnFr^“=- 
the current la the ladlatli» loop which In ^ flr0t» 
«.a mf 1 pt/w « thTLo^oTLi rir.Lrr0 

receptor um Meuned to bü a in ^ ••coaa, 
loop (which Is typical of ^íÂTíÍrTS tta*™1^“* 

tklch «WM ln¿c. 1 ,T?! ,^i!??.<nTOllt 111 
loop ana fouad. The third schetae wa 1 ^•P101’ 
that th* tvo loops v,„ «^no^rl"llAr to th« -*«Pt 

Ik 



WH li. I ! 
ill |*| |f|r.|!B|Nlll H 

Tiw» «quation «warning the ftr*t c(»figuration 1« given by* 

Iri u X IQ6)2 lgl r i 
IA I "' fl! " . f ... 

.-Í1.24Ü1 
120« 

T«w 

175 **P (3*2.1) 

w*»r- |I| I« the nagmtude of the Input ourrmt vhloh eai«ee an 
electric field angnltude of |«| volte/neter, 

r 1' ^ Î^ÎT;* Ia mUn loop center and point 
at which |H I la detemlned, and 

f 1» frequency In Herte. 

with |E| - 1 uV/n, A - 1 U2, r - 10 a 

I * 7*3fl * 10 
? 

f«wr f « 4,76 

P 

~ jTTjï^izyy73 ^ 

1.8¾ X id^ 
uA 

(3-2.a) 

(3*2.3) 

for f » 4.76 MHr. 

.14 
1 - 1:2?J* 10 ^ 

(3*2*fc) 

These results are shown plotted in Ft«. 4 curve I. 

The equation govern ln« the second configuration (do« 1*1 1, 

Antsnna ifcglneerlng Huwibook by Henry Jaelk, lte(k«»r-üU,, 1961, 

: 

* 
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«t 10 mtmrm) u girm b. 

.. 

? 
1 ♦ / 

,3 X io 
I 

13 * ® * 5 ) 

f ta ta* laiiMMi, voltada 

■ 1. «kt m-t-r af tan» 1» Ut. r«-.Fta, ¡a* 

“° ;rî,îïïr,l,t'' "" ^ 

ÉB 
T A*fi' 

4.7« * 10e 

Per f « 4.78 MHz 

¢3.2.6) 

I • A^> • 
(3.2.7) 

P«r f m>< 4,7e 

(3.2,6) 

**• Plott«l t® Pi*, 4 oarv» 0, 

l««ft at*îo th* ttoiM (öO!pl*i»r 

(3.2.9) 

IS 



With A-la, r • 10 », V * 1 mV 

m L" '' 

impf * J i*.-« I ^ >.7« X UCTf 14,.76 

for f «*: ^.76 >« ïé* to- 

(3.2.U) 

for f » 4.76 KMi 

1^« », M*3 mA 

tWe r^ulu *T. «taM plott«d la rij, 4 oarra ni. 

'«ir»« rv tih«. _ : !™T **»mi!* *i»» plottai ^ f** 4 
T£%* I1 luu tm c®i* c**/i*i cm 
tm ,u* At ^ UMM uTn MU na cMt«o, oot auch tifftrawnn l>««wa«ct thm €11^1^1 

• pwitncau« liait rasfaMHla eurent *î*1 ltÄ* 
»Ivan b» ta* .fl <turr*ilt ***»' » «arlala taira ti»« 1 cm 
iiriÜL^ •»»«i n oat loo taat ••tup. Tfc» «ic»i,tatiMT^rK!i* 

currurn tu • Ha« «Itbout r>oiaUarwtl.<at af tila» ta^aiaiwa» 

ihr#« —1#» H^ri itttTiT*' lCTT*«'n' ^ Wto aoat éaaaaAiac' if1 'ilia' 

a*«™»!.«! *î.*ïï. ¡,"*”r' "ta ——■ 
*'öunc«, M io» fiiijuimiMnjii « . PP>4r tt a («oint .raKA« frca tfi» 

m* ion n*«|piMtilaa tint mm» «urran* util #w ». 
at tl» »ourc,*. At tkt* hui* *-—.„ITtT ffc«1 Um 
iMajr filiar «o that a Waar íomíÍ * tMn th*t «k input otmaNfe atu ■«ataiallv b* m*,»».» - * 
than, that «hicwn Ln Fla, 4. ita* for m T#111'*1 

,h~ >» oTí^rr1* 
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Zi U** ÎÜSïîür rr<» 5 to 10 KHz on . 70 foot run 
of P**» trtamUêiaa Um. for thi. r*««an »« t»v* «zt«nd»<i 

l*Ü M ,bo,m ^ ^ ^t#d art«n«lan 
ÎÎ: . 'J5 ^10 ‘•»r thf allai«!,!* Un* minim 

21¾ ^ b* U*A *t JO H« â*crmMÍM€ at th* 
min of 20 4Bjp«r 4oeio4o 'U' 10 m mm* 1 *t 10 nhz. In uter 
Ali«ooi«lan* 'th:i* limit 1« tvtMidod to jo kmz. 

3-3 mim HBttaut UMaMsii MHim t# »nd Unit* 

J-M Ontain 

ESLS^ÍS,*!!!!?“““ ror »*« llj“ e<»duct«i 
Î- *PP*“ 10 cU1 fOT ““ ~.ur««.t of 

^TLÜ b> “* p'“' or lule.on. under 
I'm* ^ :w ^ ^ 501 :KH* t1**'1* í»i *n<i CBC3). 
l-S^nr¡»Í *!^*Ctt¥^ «Irottli current .t the 

ÏTiÎÜÎÎÎ-ïr.nSI^*^ “T"*4 wltlJ tb* UMto, which mm •P^otn*« U t«iSM of cwrrant. 

fho p<rpo««a Of toi* a «eil on ¡are tot 

1) iotomih# If tthc "■T*nri»i>tnit of curmt i or vr, ¡ t 1 

™^^an^c^tîh^,ClrCUlt C“ rMUU ^ 

f«t i2!riî! rüî Î* ' 1X1 tem- of *«*«ur.d current 
tnl ITiííÜi'.r?! i-P«»«»« **• b**n dorlded upo, u.in* 
*** on Una currant derived In the pr*c*<lir.« aectlon. 

... f*’0**}**1 *r* ca^>Hc*t#d by th* etatiatlcnl unccrtmlntlea 
toall of the circuit parameter, tnvolvml. The roaulta obtained are 

«004 indication of the roaulta a more exact aoalyala would prorlde. 

srjsïïrs of thi# ^-1- ^th* r*-uit#» 

giraait Hodoi. 

Utodar actual oparatlna mndittona, 
tbo mmtmrnm mmm and ita load iHa 
It,a oqulvalant In 5(b). 

the équivalant circuit of 
ahown In Fig. 5(a) and 
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s 

h 

h 

h 

currtot (M>«r*tor » abort circuit tuimot 

•<|u:ivulMt «oure« Í^w«mic« 

•bunt linn ij^wAnne« 

'ärivUi« point lapodAoc« of 011000^11)10 AoricM 

not loud, ou •oi«'««, 

A 

soi#«cf 

(«» 

X 
UNC I LOAD 

(SuKOftiOU 
Atol«« I 

r .ilif 
T l*U 

U) 

figuro ÿ Circuit Model Shooing (o) fluacoptlblo Oovloo 
(b) Iquivulont Circuit 



l: — b«. 

Ur# êim# till* Will rtawlt ln « }aravr th* C!<Äa,»:nrÄ* 

ÂlÏL- — 

«ui «0;Z,'^í z¿rá s* 

*«1««.. InrolZ, by our ’ -tUiUlcU uocor- 

w. bJrirrruTù1^' “d io« «-« 
">!««.Jfc, ««Tît lï «.uru‘ rL IÏU^rTi ‘ï throv«h '« •»■ th. 
In MIL-arS-life U tS» tbTcur^t^^^! tn.t »thd .p^tfl« 

JW.U«U1, currnot « rr^„u.. «^rrS,!,."'S ^o«“* 

3#3*3 Bpcciftrin« MiiftT g inaErt aastiUj. 

*0t A gira l* t0 detemlne whether or 
IT Will «raldthî fT*1 thÂt U» ^cth" or not 
2 th. ^Ue **t by une of the rediatlc» model 

fhl. actual lin. current 1^, le given by (fron Fig. 
5) 

■18 W ■ 1¾ (3.3.1)* 

•*!!• ttm aeaeured currant 1. 

Si " ¾ F+ y* 1¾ (3.3.2) 

lÄTigiag (3*3*1) by (3.3*2), we find 1^, in terme of r or v 
M M 

Zs> vm 

"^1 " ^ " i^f (3-3-3> ^ “ Si 

V*" 

z„ + % 
(3.3.4) 



-««II-HMK4* .. ■ —■ H WH*WH- Hwi 

küB iHt K-«^3yiHBMlMÍÍuãSi^^ 

'xhüminMiIiii ... (•HèwMtwiH'«'11^1111^^111111^11111^1^1^ 
- WMW«!«W.II #M ll^lH^NWiiN .1IH|.|«|||!W!t^tP«! »tHÉ 1 

V» 

Rfl»r. 6 Equiralmt Circuit, MMtunnwnt Condition* 



th* ™itíÍe TOlta«e *PPearij:ig acroaa tne susceptible device is also 
givJTby^e 088 the net load> VT» 111 our siatplified model, and is 

M 
h 

(3.3.5) 

30.3.3- Statistical Ifacertalnti*« in .½ 

source, we measure 3^ or VM for a known load For a given_, „„ 
Rran eq. (3.3-3), we see that Lj, can still not be predicted exact ï?’ 

Tsã°±^tT^ea ^ 28 Lr will have a SSical 
ffa:^U i0n^°Ut a<me mefm Value* FrCTn the statistics of Zo and Zm, 
T T1' we can find the probability density function of 
IT for a given % and 2„. Fran eq. (3.3.3) 

^ = ¾ “ mean of ^ (3.3.6) 

Var 2 
^V” hi V&r^ m variance of ^ (3-3-7) 

mea? °f*he probal)illty density function of Lp, given Lj, 
mStî+î 3.inearly with and the variance as the square of Lj. Äese 

which'th7 5°°16 pos8ibilities are illustrated in 
depicted^ °f and on means and variances is 

Figure 7 also shows how a limit on y or VM = ^ 1¾] ) may 

be aet* F°r a given ZM, 3M determines the probability density function 
of ly and consenufintly the probability of interference 

pi= p h> ^] • 

On*» +v,jWe,mUjt declde beforehand what the acceptable limit on pT is. 
Once this is done, we work backwards, finding which pdf of Lp wiíl give 
this P!, and, finally, the corresponding value of L.. This wlue of 
IH i, «t to te the Jh.it «lue, % Por ell ^lues of ^hel» 
this limit, pj-will be leas than p-j- ” 

« Thus, while 100Í canpatibility can never be achieved, we can 
rar ly close by choosing pj LIM small enough. The cost will 

pefcenta«e compatibility figure is increased due to the 

ä^s“^t Xere^t?eCe88ary t0 the m0re restricbive «nission 



Figure 7 Seme Po»Bible Probability Density Function» of I_ 
Given and 

■^3 > ^ > -Su.’ W > ^mi' 
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l^ptinaon Measuranent Impedance 2f| 

We are now ready to consider the question of whether or not 
sonic test load other than a short circuit is desirable, from the 

standpoint of accuracy in determining the probability of exceeding 

Spl’ or Pr¬ 

it has just been asserted that, once Zm is known, there is a 
correspondence between the measured current and the probability 
oi interference pj. Theoretically, then, the latter quantity can be 

determined exactly by this simple measurement technique, regardless 
of the value of 

Practically, this is not the case, because it assumes perfect 
knowledge of the statistical distribution of Lp. This, in turn, 
requires exact knowledge of the statistics of Zg and Zj. This is 

never obtained, since it is based upon a finite number of observations 
oí Zg and Zj* Consequently^ there will always be some uncertainty 
in the distribution of 1^, and hence in Pj. 

In the literature on the estimation of distributions,1 it 
is common practice to use the variance of the distribution of an 
estimator as a measure of its uncertainty. Thus, in order to mini¬ 

mize the ’uncertainty in estimating pj, we must minimize the variance 
of the distribution of 1^ given This can be done by properly 

selecting Zjj. The mathematical operation of minimizing Var(LT.) with 
respect to is carried out in detail in Appendix 4. The outline 
and results of this analysis are prerented below. 

To make the analysis tractable, it was necessary to make a 
linear approximation in which it was assumed that the random impedances 
ZS and Zq. did not change appreciably from their mean values. The 

validity of this assumption will he commented upon in the next section. 
Using this approximation, the value of Z^ minimizing Var(lT) about 
any mean value ^ turns out to be 

^ = ^ Opt = ^ + «3 Xq. = (3*3*8) 

That is, the uncertainty in predicting pT will be a minimum if the 
test load equals the mean of the actual load ZL. 

1* (lerman Kahn, "Use of Different Monte Carlo Sampling Techniques," 
Symposium on Monte Carlo Methods. N. Y., Wiley, 1956. 
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Section 4 

ItoFEDâHC» Mtà AMD RECOMÍENDED MMITS 

Introduction 

With “¡f1- vrwmUd ^ s«^lon 3 «re used 
MÄ&aurenient data to determine proper meaeurenent techiioues and 

limits. The stmtlsticü »arUUcm, ¿¿Za have iT^ 

Is'biTT'^rtK6“ TZ* interpretation «omeehat uncertain, but it 
d ^ the cmclus1™* itaun are aUd »ithin the aecuraclea 

normally considered attainable in this field. The actuaTmeM^T 

lata presented there are given here as needed. 

Values of frem Measured Data on 

To determine as a function of frequency, one mat kno* 

Zt as a function of frequency, or, since ^ is the parallel coablnatiai 
f Zi. a?d 0116 miBt taow the statistics of ZL andZ,, and be ablT1 
to obtain tfie statistics of Zr from this relatSuMp? 

. , The measurements of line impedance (ZL) and source and load 
impedance (Zg and Zr) axe described in Sections A.2 and A.3. 

st^ldard deviation of line impedance in a three- 
termina! delta configuration are plotted in Figs. A.2.8, A.2.9 and 
.2.10. Measured values of source impedance are presented in a 

two-terminai line-to-line form. There was imuffEieot iWtî 
convert the source data to three-terminal form end compute mews and 
standard deviations. However, checking average values at 1 Mb re^ 

«‘folW th* my9ng9 la,pe<,“CM the tvo "hot" lines were 

Line: 30 + J100 
Som-ce: 75 + j 44 

ohms 
ohms 

^edailce3 at 1 were of the same order of magnitude. 
The trends in the source impedance data indicated that this reiatinnoh-iT, 

involved^aine<i at ^ 30 that, ïiïSn^e involved, we may assume that vaoxities 

XS * ^ ^ ^ 

_ 2 2 2 2 ? 

b3 ’ «i "V %* V % 



£f” s1“* f "» «-Si. ^.l*C!^: s* 
u**d cu th« resistance and reactsnf*. Xr <_Tv « 1 D® 
two "hot" lines (differantilT^? the b®twe“ the 

mvan lIraîe+?l,PA0î8 th® °e*n 8tand&rd deviation of R2 and X? 
intóLvíd S|!tÍS 73* ÍÍ appe&rs that, within the uncertainties ‘ 
inrolved Rg and Xß as functions of frequency may be fitted by "w 
linear functions as listed in Table 4.1. V °S 

Table 4.1 

MEASURED VALUES OF IMPEDANCE 

f 
h 

dB Ohm« 
dB ohms 

30 - 15k 5.04 log10f(kHz) + 0.14 33.I log10f(kHz)- 48.0 

15 - bOGic 14.1 log10f(kHz) - 10.6 same as above 

0.6M - 2M 22.5 log^ffMHz) + 33.5 0 

2M - 1CM 100 0 

Cgnaanta on Table 4.1 

are 108 functionß are convenient because they 
are straight lines on semilog paper when the ordinates are in Œ 
and abscissae in Hz, and they fit the measured data reasonably well. 

-< e kH_ 2^DtjiBe^cw 15 811 extrapolation was made of the data above 
5 , assuming a value of line impedance at 60 Hz of O.5/00 ohms. 

the ranie Í 2 to 10 mz 8110 reactance in 
6 ^ fc° 10 mz 8PPear to fluctuate about constant means 

datanoints ’ TesVect1™^- We therefore treat all of the 
«¡S ^ ?eae f80868 as coming from the same distributions, 

^J-80068 by averaging overall the points. This 
gcwlAM. less uncertainty than calculating the variance at one 
frequency. These variances will be used in cceparing accuracies of 
measurement techniques and in establishing thHimits. CCUraCies of 



4.2.1 Computation of ^ 

We note that 

& ^ V2!, 
(See Fig. íj.) Applying a linear approximation, we find that 

^ = F 
z- ^ 

z. .¾ 
Using the assumption (4.l) of equal statistics, l.e., Z. *- Z , 

L r 

7 _ _2 _ B + .1 X 
JL g 2 

Since we are taking our measured values of and X0 for R and X, 

^ opt = ^ ^ * 2 

— X ^2 

XMopt=XT*2=£ 

(>•.3) 

Rg and X2 are found from Table 4.1. 

^ opt and ^ opt as ^01^10113 of frequency are plotted in 
Fig. 8, calculated from (4.3). 

4.2.2 Implementation of Optiimnn Test Load 

According to Figs. 8(a) and 8(b), the optimum test load must. 

1) have an inductive reactance that increases to 80 ohms 
at 600 kHz, then becomes zero, 

2) have a resistance which increases from about 0.25 otms 
at 60 Hz to 50 ohms at 2 MHz, thereafter remaining 
constant. 

A simple circuit which approximates this impedance curve is 
shown in Fig. 9. 
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R1 * 50 n 

Rg * 0.25 Cl 

C * 0.005 nF 

L = lU mH 

Figure 9 Optimum Test Load 

The test procedure will remain unchanged except that current 
flowing into this load will be measured instead of current into 10 uF 
feedthrough capacitors. 

Relative Accuracies of Optimum, Short-Circuit and Open-Circuit 
Tests 

The question of whether or not the improved accuracy of the 
optumim load termination is significant will now be considered. As a 
measure of accuracy, we use the variance of the normalized actual load 

current. It/ * = A. As mentioned above, the uncertainty in the predicted 
value of pj y&ries monotonically with Var(A). 

Accordingly, we compute Var(A) for the following values of 

^ = ^ opt (Var(A) = Var(A) min) 

** 0 (Short circuit test) 

“ (Open circuit test) 

== 0 is the presently-used configuration in which short-circuit 
current is measured. % = 00 is included as a point of interest. In 
this case, open circuit voltage would be measured. 

The details of this confutation are carried out in Appendix 4. 
The results are presented in Table 4.II, assuming identical statistics 
for Zg> and (i.e., that eq. (4.1) applies). 

We may evaluate Var(A) and Var(A)/Var(A)mitl for the different 

frequencies by_referring to our measured data on Zg, the line imgedance^ 

The values of R and X neçded in these confutations are equal to Rg and Xp 
listed in Table 4.1. The values of are found from the data in 



Appendix 3 on standard deviations. Above 600 kHz, o2 is treated as 
constant and equal to 

o2 * 3I1OO ohms2 f > 600 kHz 

which is an average of the variances at each frequency as well as 

the square deviations of the local means from the overall mean. 
Below 15 kHz, where little data are available, the value of <p at 
15 kHz was used. 

The calculations are sumnarized in Table 4.Ill, where we see 
that the short-circuit test has a variance (uncertainty) which is at 
least 1.5 times as great as the optimum load test, whereas that for 
the open circuit test is nine times as great. 

Table 4.II 

NORMALIZED VARIANCE OF PREDICTED CURRENT 

Var(A) 

^ opt = ^ + 3 *T 

2 J 2 

2 

/cp _ ov = Var(A)min 
i8(ir+ X ) 

1 

0 02(r 6+ X 6) . a2 « R 6 + X 6 

9(1 2+ X 2i4 18¾ 2+ 2+ X 2y 
00 

2 

2(r 2+ X 2) 
9 
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h.3 Setting a Limit on ^ 

«tu« rit'S1^8^/0™ °f of the 
defir,it«nlL rr ^r* -We sha11 Maume this to be normal for 

^Sîsi'^S’Scân,’“1“0* ^ »«<*>• 

riT(lT) 

|2x îj/VarU) 
exp ' ^r)g 

V v,lr(A) 
(<i.*i) 

OD 

Pt = J f^V^T (1..3) 

where 

A » zs+2m 

V^r 
¿ 

\ 

■‘t “ ^ 
E < V ht 

V^r 

_s 

z"sH z-+ ^ 
(using linear approx.), 

\ = llmÍt ^ aCtUal line current, based on radiation model. 

we know that0!!^^6^ thL^* “f™41 ^atributioo, 
-Tl ¿a, then Pl ^ 0.023. Assuming this to be 

a satisfactory we can proceed to find 

If Pj = 0.003 

\i*r20 = 

then 



V 
ÍTL. 

2 ^Var(I7 + 1 
■^M LLm 

Z8 + ZM 

ZS+ % 

ao that 

hi Lia .lililí II II j i 11 is 

2^Var(A) + 1 

JS Ih 
Z„ + 
Js ' ^ 

As before* w* assume Zg » Zp * ^ * I + j X = Zg, so that 

(4.6) 

and 

7=-2 R + -1X 
T! 2 2 

^ Z 
2 2 

V2* 

4lVar(A) + 2 R + + j(X + 
(4.7) 

Prcm the data on R, X, and Var(A) in Table 4.Ill* we calculate 
Ijl T/!m from (4.7) as a function of fi-equency for Z^ = ^ and = 0. 

For Z^ * we calculate VM * Lim Z^^ The results are 

presented in Table 4.IV. The following relationships are used: 

- Zp 
1) For ^ * ZM opt = Zj = ”2 > 

3¾ 
Lim 

2) For - 0 

Lim 

^VariA)' 

ÜEL 

+ 2 VK 
TL 

^|Var(A) + 1 

3) For 

M Lim 

^Var(A) + 2 
*2 

1 
2 

\2^Var(A) + y 

+ 2 
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The reccemended limits are plotted in Pigs. 10(a) and (b). 
together with the present limits of MIL-3TD-l*6lA. The limit curves 
ure the best straight lines fitting the results of Table 4. IV on the 
conservative side. Since the limit for = ^ ^ ia at most about 

6,5 dB below W and at least about 2 dB below, the line drawn is a 
constant 6 dB Below. Since the limit for ^ = 0 is, for the most 

part, 1 or 2 dB above 1^, ^ itself is chosen for the limit. 

ITL, we recall> is tbe actual limit current derived from the 
radiation model df the previous section. 

4.4 Susceptibility riwi» 

4.4.1 Introduction 

In section 4.2 a limit for conducted amission of interfererce 
was specified. In this section, a corresponding limit is established 
for conducted susceptibility which is consistent with the emission 
limit plus a certain safety factor. 

4.4.2 Circuit Model 

We recall the circuit of Pig. 5, in which a model of the source, 
power line, and susceptible devi.ee is depicted. Using the same notation 
as used in conjunction with Pig. 6, Vj is the spurious signal voltage 

Impressed by the source on the susceptible device, assumed equal in 
this model to the source output voltage. It is upon this voltage that 
the susceptibility limit is set. 

4.4.3 Distribution of VT 

Recalling eq. (3*3»5)i VT is given by 

(4.8) 

where ■Si current 

V3i! 
VM 

measured during emission test 

, where ^ = emission test load impedance. 

Por a given Ijj, | Z^, | and are random variables. Consequently, 

Vj, is distributed around seme mean value with a certain variance 

(see Fig. 11). 

As with the current Ij (see Section 3-3.1), the mean and 
variance of V<¡¡ depends on % and Z^. It turns out (see Appendix 4) 
that the same value of which minimizes the variance of about a 
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given mean value, will also minimize the variance of Vm about a given 
mean value. The mean and variance both increase with 

e[vt] 

Var [VJ 

4.4.4 Setting the Limit V_ 
- TL 

E 

Vir 

(4.9) 

(4.10) 

if is at its limit value then the distribution of V_ 

nas its largest mean and variance (by (4.9) and (4.10U sn +>,»+ 4-k» 
probability of exceeding a given limit VTL will have its maxiSímtmue. 

will equal 

PÍL 

If we choose 

ÎÏÎLpr0ï?)illty PÍL i we seek to choose VTL such that ptr 
lal some arbitraxily-set vaîue. Assuming V is norSlly distribStéd, 

I?« Var(VT) r - {fe#'} dV (4.UJ 

p; IL 

41 

0.023 (4.12) 



then 

where ^ + ZM 

+ 1 

(J+.13) 

C = — (4.16) 

limit I0aCL^C)rîn?i1?M ^LknOWn, VtL Can be found frcxn the emission 
^ . ^ a safety factor P™'1'1«’ 
TL 

4.4.4.1 Statistics of and C 

., “«an and variance of (¾ and C, respectively, are found by 
making a linear approximation similar to the one made in finding the 
optimum emission test impedance in Section 3-3.1. From the linear 
approximation 

ZS + Z>. 

ZS + \ 
N (4.17) 

As in Section 3-3.1, we make the assumption of equal statistics: 

2 2 2 2 2 p = = Oj, =0,, = 0.. = o„ = o¿ 
'S \ \ - % - V \ 

So that 

and 

R ¿Jj 

(R + ^)+ J(x + ^) 

(4.18) 

k2 



Using the same approximation, it is shown in Section A.2 that 

Var 
Var fêt'k [; 

-ysg(A) 
Var (A) 

mili 

+ I5J (4.21) 

where 
ZB + ^ 

ZS + Zt 

vLîaÎ was calculated In Section 3.3.1 
^ A min 811(1 Var^C'min the variances for 2L, * 7 “ 

T4- ■! „ „1 __ _ , _ .. * ^ Opt 
It^la also .ho»a la Section *.2 that Var(C. 16 Va^A)^, ao 

Vai*(c) = V«r(A) . 15 VarfA)^ (4.32, 

Va-(A) and Yar(A)m<n have been tabulated previously in Table 4.III, 

and we use these_results to calculate Var(C) frcm (4.22). Also we 
use the data on R and X in Table 4.III to conçut® Si (4¾. 
These conçutationa are sunmarized in Table 4*V. ^ 

4-4.4.2 Computation of the T.imit 

(4 iM 4*V **? aaw used to ca*Bwte VpL frcm 
(4.14). The results are in Table 4.VI and are plotted in Fi* to 
using the CE limits of Fig. 10 for P ^ 

..... ^636 curv®s represent the susceptibility limits for a proba- 
bility of susceptibility of 0.023, for mission test tenniLti^ 
^edances equal tc: (l) a short circuit, and (2) the average actual 
ter^i natío latter was shown in a previous section to be the optimum 
termination in terms of minimizing the variance of predicted ¿ur^t. 

fdB ^t Î íSd.!een^ * the lljnit for this tenaiaation is abo“ 3 dB less strict than for the short circuit case* 

even fuíth^ 5° ïhf Probability of s'^ceptibility 
^nt P Thi,s may be done hy raising the limits bj an appropriate 
Sciiasa assuming a normal distribution as above, an^ 

e in the limit of 3.5 dB will reduce p^ to less than 0.0001. 



Table 4.V 

predicted NORMALIZED VARIANCE OF VOLTAGE 

appearing across susceptible device 
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Table 4.VI 

SUSCEPTIBILITY LIMITS FOR 2.3# PROBABILITY OF UfTERFEtiELCE 

PRODUCED BY DEVICES MEETING EMISSION LIMITS 

Hz 

R + JX 

TL 

Units of 
^L 

dBnV 

TL 

Units of 1 
ML 

lïÎL 
dBtiV 

1,^( dB*iA)-1.87 

••1.41 

-1.24 

-0.84 

-0.24 

-0*60 

+1.06 

+1.58 

+I.94 

+2.48 

+9.91 

+12.06 

+16.56 

+31.48 

+39.35 

+34.76 

+37.16 

+37.16 

hi 



^•5 Sunnajy 

«o fM ■1®nlflC“t “O“01“«!«» of the analysis presented 

Äi:ÄÄf!ÄÄsrc:-s,„ 

».. ■á/.e.r.íLxs n.’ST - *• ”«• » 
roughOy ¿5 SYSSeâ’r'i'.'1'1'^ Í? f5edlctlh« t«»PhtibUity is 

»ShS.wt“t" getheshortcirc',ittMt- «f*’“«* 

the dataron bMed °" 
the previous »«tïT^ ^ îî ng“^ °',rr'nt 11Mt of 

^ a PrLhXTÆÂÂ^“43 ^ 6h0m ^ Flg- 12 





F
re

q
u
e
n
c
y
, 

H
z 



SECTION 5 

DEVELOPMENT OF LIMITS AND TEST PROCEDURES 

5.1 Introduction 

In this section the results of the analysis of the previous 
section are used to develop recommended limits and test procedures, 
and the consequences are discussed. The analysis given above dealt 
largely with narrowband emission and susceptibility testing on power 
lines. This work Is here extended and modified to arrive at limits 
for broadband tests and for tests on signal and control leads. Some 

of the reconmendations which are presented In this section are 
recommendations that apply to the present standards 46l and 462 
regardless of whether or not the new recommendations are Implemented. 
Fuch cases will be apparent from the text. 

The discussion In this section Is divided Into two parts, the 
first associated with the recommendations on limits, and the second 
associated with recommendations on test procedures. 

5.2 Recommendations on Power Line Limits 

As shown In Fig. 10, which is the proposed narrowband 
conducted emission limit for power lines, the proposed limit Is very 
little different (in the average) from that which now exists. The 

uniformly inverse frequency characteristic Is more severe In Its 
llmi'1' at frequencies In the vicinity of several hundred Hertz and 
above about 5 MHz, but Is less severe at frequencies between 10 kHz 
and 5 MHz. On a per unit frequency range basis, the limit level is 
raised considerably, especially If one considers the short circuit 

current level. As has been established, however, It is best to 

measure the emission current at a typical value of impedance. Assuming 
source and line impedances are equal, this limit Is 6 dB lower than 
the short circuit current level. 

5.2.1 Narrowband Qnission Limits (Power Line) 

Figure 13 shows the present narrowband power line limit 
curve along with the proposed limit curve. For the purpose of 
comparing with present limits, however, the equivalent short circuit 

limit curve should be used. Shown on this figure are values of measured 
emission from the various equipments subjected to test. These tests 
are described in more detail In Appendix A.1. It can be seen that, 
except for the TPS-LD radar, almost all measured emission levels fall 
below the proposed limits. This may be a fortuitous result, but the 

Indication Is, at least for those equipments other than the TPS-LD, 
that the proposed limit curve would be desirable. 
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A point In question Is the upper limit of frequency at which 
emission should be measured- It has been common In the field to 
indicate that conducted Interference Is of relatively little Importance 
at frequencies above about 25 MHz. The proposed curve shows the 
limit at this frequency to be about 4 dB above a microampere when 
measured across the average load impedance. Reference to Fig. 13 
shows that measured narrowband emissions generally fall at or below 
this proposed limit, it would appear that a cutoff of 25 or 30 MHz 
la reasonable, and we have taken 30 MHz as the upper frequency limit. 

5.2.2 Broadband Onisslon Limits (Power Line) 

. ^ As discussed previously the logical basis for establishing 
roadband limits Is to refer to the narrowband limit and adjust the 

ïn°^ lntensity so that the same peak voltage is obtained 
in a circuit having a bandwidth characteristic of a particular 
frelUfílCí ln q-ue8tlon* ^ere several bandwidths are frequently 
used it Is probably best to choose the most wideband circuit commonly 
used since It is the one that would likely suffer the most degradation, 
in íu aUnÍO fre1uency rans® a fairly typical bandwidth is about 

a?oíf is vÜ, W f hf íand’ ln,the iOW ^1° frecluency ™nge (above 
a t3rplcal communications service bandwidth is less 

than 600 cycles while at frequencies above about 150 kHz several 
kilocycles is probably more reasonable. Unfortunately, it Is 
difficult to decide on a specific bandwidth. For example, in some 

videhand video amplifiers, having bandwidths on the 
100 0r one ^ are not uncommon. But frequencly, sucn 

misantiîi T51?*! Ü a reIative;1^ high signal level and are not as 
onnH Pïïble aB lnput clrcalts. Furthermore, the signal 
conducting cables in such circuits are usually shielded. Since It 

as t0 what bandwidth should be used, we have 
adopted a 5 kHz bandwidth as typical over the entire frequency range. 
It is recognized that some services may find such a bandwidth 
Inadequate and others may find it more than adequate. It is assumed 
that In such cases, where adopt'ng the stated limit my be either 
economically or operationally unwise, special considerations can be 
¡Hth ln the necessary limit. To be consistent 
with the narrowband emission limit the broadbaid emission limit 
assuming a bandwidth of 5 kHz, would be 200 times or 46 dB above the 
Umit for narrowband interference. The broadband limit curve shown 
^ Si8* a, d™Wn U8ing thls criterion. It also is terminated at 
nrnrZL ^ pr*sent broadband limits. In general the 
proposed limit represents a relaxation. Experimental data are shown 
here also for cuaparison. The communications receivers are well 
within the limits, however, the TES-ID exceeds the limits in most 
cases. This is perhaps not unexpected from such a device. 

50 



. . 'I » "I'1 

51 

■ai 

. 

1MÂU .. ■ilUl 





4 
18

8 





091 



5-2.3 Narrowband Susceptibility Limit (Ppver Lin*«) 

+ P16 ^heoretical-ly logical limit based upon correlation with 

10^ u iff^0" iL"1'“ 18 8ho“-' “ F1«- At pencils fo5e 
10 Ufe It Is lover than the present limit by about to dB. Figure 15 
shows measured data (details on the measurements are given In 

for^h^TPR lTiaíhBÂ With the preSent and Proposed limits. Except 
ror the TPS-1D the measured susceptibilities are well outside the 

SSefbiwLr Tar llmit ls oonsistent with measured 
lues but there are still a number of points outside it. 

with nrwRBnr ^ ^ the Proposed limit is more consistent 
with present practice. Actually most of the points outside the 
proposed limit are from either old or relatively low quality 

«T8* Hfw®ver' a relatively modern receiver (the KWM2A) also 
’hows seme points outside the lower limit. ' 

con.iiwíü f0ifíed OUt PfeVl0U8ljr one of the factors which is 
4 the Prosen! susceptibility limit, particularly 

a COUplin6 to the P^or ^ by radiation directly from 

^4anîenna n the vlclnity- For example a situation 

di^toíce^f íb^? PS8/ y®1 LkilOWatt bransmitter located within a 
antenna and +h ^ ' /The lBolatlca:1 between the transmitter 
antenna and the power line (here assumed to resemble a half-wave 

SO dB* Sus abOUt r l0ad ^P^1106) night be of the order of 
30 dB. Thus approximately 1 watt or 7 volts would appear across the 

if ^t C+Te8rdl^ t0 the llne volta8e inPut terminals. Thus 
if protection from direct transmitter radiation of this kind is 

necessary it is quite illogical to lower the susceptibility li^it 
unless special Installation practices are adopted Lr such stations. 

mrvr» ^ t^Plcal receivers do not appear to meet the 
ZZn ¿ rfluirament8 indicates that special care must be 

till f8Ígn receivers intended for such a configuration 
if this limit is maintained. »uzautun 

5#2*4 Broadband Susceptibility Limits (Power Lines) 

+ =+4 8Peßifications the only broadband susceptibility 

íf thft °f the Splke teBt dasigned to provide protection against * 
switching transients. If such limits were established in the same 

manner as the narrowband susceptibility limit by relating it to the 
emission limit one would obtain the curve shown dotted in Fig. 2. 

Since it, in fact, has been developed on the basis of a 

different concept than that of the spike spectrum test, direct 

thT:ort8o:i^fini+be a?rprlatf • Hovever’ ^ ^be not*d that the most significant difference in level between the two arises, 
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in part, from taking into consideration the Impedance of the line as 
a function of frequency. 

Because of inadequate data no particular recommendation is 
made on broadband susceptibility tests at this time. However, it is 
a subject that deserves further consideration, especially in view 

of the extensive use of digital devices capable of generating broad 

spectrum pulses. Furthermore, it is sometimes found that sinusoidal 

inputs though not interfering when unmodulated--do cause interference 
■when modulated. The mechanism involves detection by the rectifier 
circuit, and admission of the low frequency sideband components by 
the power supply filter. 

5-3 Signal and Control Lire Limits 

Applying the same logic to the development of signal and 
control line limits as to power line limits one would expect the 
same emission limit with the exception that it would be measured 

over a different impedance. The determination of the proper impedance 
is not simple. Such lines can emit in two possible modes, frequently 
referred to in the 2 wire-line case as the conmon mode and the 
differential mode. The caitrol or signal voltage itself is trans¬ 

mitted via the differential mode. If the line Is a parallel line cr 

a twisted pair the proper impedance usually lies between 100 and 300 

the llne 18 a coaxlal cable. It will most likely be 50 ohms. 
The differential mode is the mode primarily responsible for direct 
conducted coupling. 

The common mode would be that primarily responsible for 
radiation. 

The present test procedure is unclear as to which is to be 
measured. Figure ¢002-1 might be interpreted as showing the current 
probe completely surrounding an interconnecting cable so as to 
measure the common mode; yet note c on method CE02 implies that 

differential mode should he measured (except for twisted pairs). No 
information is given perta.'ning to coaxial lines. The rationale for 
the different treatments should be clarified, if retained. There 
follows a recommendation to clarify the procedures. 

5»3.1 Differential Mode 

Limitation of differential mode current is of value to 
protect interconnected equipments. For compatible operation the 
emission current multiplied by the lead impedance equals the voltage 

appearing at the terminals of the interconnected device. Hence this 
voltage can be compared with the susceptibility limit. In view of 

the common use of coaxial cable for interconnection 50 ohms has been 
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chosen as a typical load Impedance in the differential mode. As 
discussed in Section 2, with this impedance. Fig. 3 shows the 
comparison of present emission and susceptibility limits. If one 
uses the proposed limits for power lines (shown dotted on Fig. 3) 
one has an emission limit which exceeds various of the present 
susceptibility levels, and at frequencies below 20 kHz, exceeds all 
present susceptibility levels. As the frequency increases the 
proposed limit gives less protection than the present one up to 
about 8 MHz. Furthermore, the proposed emission limit should 
logically be extended above 30 MHz if coverage of radio input 
systems such as antenna feeds, couplers, etc. is Involved. 
Therefore, a levelling off of the emission curve appears to be in 
order. Hence it appears to be difficult to justify using the same 
limits for power lines and for differential mode currents on signal 
and control lines. 

This effect of constant impedance and unlimited frequency 
range has betn implicitly recognized In preseivt susceptibility 
limits for radio equipment and emission limits for antenna terminals. 
These limits are constant all across the band up to 12.4 GHz. The 
levels of emission and susceptibility in these cases appear to have 
been chosen on the basis of state of the art. For example, inter¬ 
modulation occuring inside the tuning range of a receiver can be 
just as troublesome as that outside the range, but different limits 
are used. Thus, specifications of conducted antenna emission and 
susceptibility limits are a special problem since the various inter¬ 
connection possibilities can create highly Individual situations. 

It was considered beyond the scope of the present program 
to attempt to relate the probability of interference under such 
variable conditions with any set of limits, particularly since the 
number of intermodulation products increases so rapidly as the 
number of receivers on common antennas increases. Some analysis 
in this area will be done in connection with the next phase of this 
program on radiation limits. 

Considering available power levels, one way out( of the present 
difficulties would be to divide "signal" leads and "control" leads 
into separate categories. The concept here is to consider the signal 
as any low level desired voltage out of a sensor, transducer, 
receiving antenna, pre-amplifier, etc. The level of such "signals" 
is usually less than a millivolt. "Control" voltages, however, are 
usually of the order of a volt or more and thus can tolerate substantially 
higher interference voltages. Thus on "control" leads one could 
tolerate interference voltages of, say, 90 dB/qV. Since on such 
circuits it should be quite possible to avoid any large signals t?.e 
same limit could be used for intermodulation and other forms of 
spurious response. 



. 11 mm 

The establlshmoit of broadband emission and susceptibility 
limits is more difficult. Control circuits may be divisible into 
two classes, sine wave, and video. The video includes pulse 
circuits of various kinds. A typical pulse control voltage is 
about 5 volts peak (on interconnecting cables) aM there should be no 
response to about 1 volt peak. If it is assumed that such circuits 
have a bandwidth of about one MHz a limit of 120 dB/pV/MHz would 
be appropriate. The corresponding emission limit would be approximately 
68 dB/pA/MHz. 

With regard to "signal" leads it is proposed to retain the 
present antenna terminal limits including CE04, 05, 06, O?, and 08. 

5.3*2 Common Mode 

As previously mentioned in the common mode the primary 
corsideration is one of radiation. The limit here is, therefore, 
similar to that placed on power leads. Thus, it is proposed to use 
the same limits here as previously proposed. 

A secondary consideration in the common mode situation is 
comnon-to-differential mode conversion. Any difficulties of this 
kind, however, would be subject to detection in the susceptibility 
test. Also this conversion is involved in the radiated susceptibility 
of the cable under conditions where longitudinal currents are 
induced by external fields. 
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5 • Critique an Test ProcedureB 

In this section criticisms and recommendations for changes on 
various aspects of the testing procedure outlined in MIL-STD-462 are 
discussed. These ccmments are based upon the experience gained in 
performing certain of the conducted emission and susceptibility 
measurements reported in Appendix A.l as well as detailed review of 
all procedures. The number in parenthesis following the paragraph 
title identifies the pertinent clause in MEL-STD-462. 

5-^.1 General Comments on Procedure Requirements. Section 4 of 
MIL-STD-462 -- 

Test Conditions (4.2.1) 

In this section it is implied that a shielded enclosure is 
used; but the conditions under which this enclosure should be used 
are not explicitly stated. In seme cases a test sample (e.g., radar 
set) may be too large to be practically tested in a shielded 
enclosure. In other cases a shielded enclosure may not be necessary 
because the ambient fields may be below the specified limit. It is 
recommended that a shielded enclosure be used if the ambient fields 
at the test site outside the enclosure exceed the ambient electro¬ 
magnetic level specified in 4.2.1.1. If in this case the test sample 
is too large to test inside a shielded enclosure, then procedure 
4.2.8 should be implemented. 

Ground Plane (4.2.12) 

It should be explicitly stated here ttat the use of a ground 
plane does not necessitate the use of a shielded enclosure as is 
implied in paragraph 4.2.1.2. Thus, In order to standardize the 
measurement test conditions, the use of a ground plane is recommended 
wherever practical (see comments, paragraph 4.2.2.4) even outside of 
a shielded enclosure. In this case the ground plane should be 
electrically tied to an earth ground in order to minimize the 
possibility of shock. For large equipment mounted in a metal test 
stand., it may be impractical to locate the equipment on a ground plane. 
In this case the metal test stand can be considered to form the ground 
plane. However, In order to perform conducted emission and susceptibility 
tests, the use of by-pass capacitors mounted to a ground system is 
necessary. Thus in order to allow for the use of by-pass capacitors 
in these cases it is recommended that a ground strap, bonded to the 
metal test stand at the location in which the power enters the equip¬ 
ment, be used. The 10 pf by-pass capacitors should be mounted to 
this ground strap at a point no greater than 1 meter from the power 
lead terminals of the test sample. For purposes of standardization, 
it is recommended that the strap be copper of thickness .25 mm, of 
width 20 cm and less than 1 meter long. 



Bonding of Test Sample (4.2.2.4) 

In the case of test samples having metal legs cor parts of 
the chassis contacting the ground plane and in which no bonding straps 
are specified in the installation Instructions, it has been found 

that the emission levels are erratic and strongly dependent upon the 

contact that the test sample is making with the ground plane. In 
older to standardize the measurement and have consistent data, it is 

recommended that if no bond is required between the test sample and 
ground plane, the test sample be located on a masonite sheet having 

a thickness of 3 nan and an area sufficiently large to support the 
test sample. 

Isolation Transformer (4.2.3.2(c)) 

In this section an isolation transformer is listed as being 
required to break the RF circuit along the power line feeding the EMI 

meter. However, no specification as to the RF performance of this 
isolation transformer is given. Since most EMI meters contain RF 

filters on the power line feeds, it appears that there may be no 

need of an isolation transformer. However, It is recommended that 

further investigation be made into the need for such isolation and 
specIfication on RF isolation be documented.* 

(4.2.3.3*1) (untitled paragraph) 

In this section it appears that one is required to use a 
spectrum analyzer or at least have a CRT display of the spectrum 

for all measurements. However, following the experimental procedures 
outlined in Section 5, it appears that no use is made of this display 
and hence it is recommended that it be dropped as a requirement. 

Calibration of Msaauring Equipment (4.2.3.5) 

In this section the reader is referred to MIL-STD-461 which 
in turn refers him to MIL C 45662.' Why not be referred directly?* 

Broadband-Harrowband Baissions (4.2.6) 

The presence or absence of narrowband emission, as defined 
by MIL-STD-462, is not only a function of the characteristics of 
the spectrum emitted by the test sample but also a function of the 

frequency resolution of the measuring apparatus. Since this frequency 
resolution is not specified, measurements made with different apparatus 
or with the same apparatus hut with different resolution settings may 

show differences in the number of narrowband emission lines. Thus 

in order to standardize the identification of types of emission it is 

¥ 
A recently proposed revised edition, MIL-STD-462A, of MEL-STD-462 
has corrected this criticism. 



recommended that the following nominal bandwidths be employed in the 

tested frequency ranges. 

Table 5.1 

SUGGESTED NOMINAL BANWIDTHS FOR IDENTIFICATION 
OF TYPES OF EMISSIONS 

30 Hz - 20 kHz 
20 kHz - 150 kHz 
150 kHz - 30 MHz 

30 MHz - LOO MHz 

LOO MHz - 16 Hz, 
1 GHz - 10 GHz 

BW = 30 Hz 
BW = 200 Hz 
BW = 5 kHz 

BW = 100 kHz 

BW = LOO kHz 
BW = 1 MHz 

5.L.2 Ccmments on Bcperimental Procedures, Conducted Bnlssions, 

Test Procedures, Section 5 of MIL-STD-L¿2 

CE01 Conducted Bnlssions 30 Hz to 20 kHz Power Leads 

A) Broadband emission tests are outlined in Section L.2 of 
MIL-STD-L62. However, no specification of the required frequency 

response of the current probe of the combination of the current probe 
and matching transformer is given. For many current probes, the 

frequency response in this range is not flat, but linearly frequency 

dependent, as shewn in Fig. 13 of Report #1 "Test Method CE", 1968. 
Where the narrowband limit is flat with frequency (as in this frequency 
range with the present limit) the effect of the current probe 

characteristic is to give relatively higher weight to those components 

at higher frequency. It Is recommended that an inverse filter (or 

matching transformer) be used to make the transfer response uniform 
over the frequency range.* 

Where the narrowband limit varies inversely with frequency 
(as in the proposed limit) the increasing sensitivity at higher 
frequencies results in proper weighting of all components sind no 

compenseting filter is needed. 

In line with comments in paragraph 5.3*3> It is recommended 
that this test be applied to common mode interference on all "signal" 

and "control" leads. 

Proposed MIL-STD-L62A has suggested such a filter. 
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CBQg Ccaiducted Ouïssions 30 Hz to 20 kHz Signal and Control Leads 

A) Applicability 

The statement of applicability ln MIL-STD-462 Implies that all signal 
and control leads of a piece of equipment must be measured. No good 
definition is given as to just which classes of leads are intended. 
It is, however, implied that the cables to be measured are those 
connecting separate chassis together, not cables from one part of a 
chassis to another. As mentioned In paragraph 5.3 It is recommended 
that this test be applied only to differential mode interference on 
"control" and "signal" lines. Some specifications for test circuits 
and Jigs are necessary to separate properly the common mode and 
differential mode currents. 

B) 10 pf Feedthrough Capacitors 3(d) 

The apparatus specifications state the use of 10 pf feedthrough 
capacitors, but they are not shown in Fig. CE02-1, and no statement 
is made as to whe^e they are to be used. The assumption may have 
been made that they are for use in measurements of emission inter- 
conneèting power leads as per CE01, but if the interpretation of 
paragraph (A) above is used, such testing is unnecessary and no 
feedthrough capacitors are required.* 

CE03 Conducted Bnlssion 20 kHz to 50 MHz Power Leads 

A) Measurement Procedure 

CE01 specifies a 20 kHz oanuwidth of test equipment for broadband 
measurements while no specifications of bandwidxh are given in CE03. 
It is recommended that the bandwidths specified in Table 5.I be used 
when testing on the indicated frequency ranges and that a 1 MHz 
bandwidth be used as a normalization factor to compare with test 
limit of Fig. Ik. 

B) High Frequency Performance of Test Circuit 

At the higher frequencies in ihe range of this test (i.e., above 
3'MHz) the present test circuit, composed of the specified 10 pf 
feedthrough capacitor and the power leads from the test sample to 
the feedthrough capacitor, preserts an impedance to the test sample 
which is inductive above 50 kHz and has a magnitude reaching several 
hundred ohms at 50 MHz. If the intent of this test is to measure 
effectively short circuit current of the test sample, one must know 
* 

Proposed MIL-01B-4Ó2A does not specify the 10 pf as part of the 
apparatus. 
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whether the Impedance levels of the equipment are sufficiently 
high compared to the teet circuit.. If tMe test circuit Is Stained 
tv, l8trf?C??enaed tbat «‘Phtlments be conducted that will establish * 
Òther ^d tb“ ^ °f test sample ^Xce! Ttte 

a bett^eS'^dance Sh°™ ^ U 18 -““ered to prcnrlde 

CEOt Conducted Bslsslon go Ms to 10 Mfc Control and sv.n.v r,.^. 

Comments listed under CE02 apply here. 

^ondacted anlssion 30 Hz to 50 MHz Inverse Filter Afethnri 

7116 «eneral validity of this test procedure is questioned 

brcadSnríímSs^íTrêfe^ both ^r^nä aid 
Oh hou one is to app^h^ 

test tlmfbfíSítl» aPs^ ttot thlS te8t 18 to elorten 
Which coders eSh « si^le measurement of broadband interference 

*0 * ^ s r^hseÄncLT:ing3L^^t2^e rif ^ 
^ ^rÂ%SSÆa^ “‘Î™ farmer 
inverse of filter with a characceristic that is the 

bro^^tlg^^r^Sr^^“ltb th8 as the limit. °~n"r tí, *r ” e interference had the same shape 

it did occur presumably one could detemîne ^rplSnce ilth“^ l^it 

?n~”?»^Cirv«h°ththe înteT — Ä 
limit curve pro^. In the 
extremely complex procedure since che Hm-i-t- 18 1-8 80 
and the phase characteristic of thefiltermne+h^, 
Furthermore, it is likely that the d^iLnt contribution to ïh^00^’ 
value will be from th» flat norti™ ne +î contribution to the peak 
»ear. that xf the sp^t™ dLT^ 

»Slid ZZ detected tlftth°W ^8118188 ^ optant iS ZZTZ 
beiow the ilmlt " the ^“‘"’“hontB above 2 MHz vere onlj slight]. 

muipmentT^r^ss^ s^^aSÄSSÄI 

test are^ore exDllc^tv^tdjb8t, unb6s the conditions lor use of this 

a sulShiríLÍP(^ Sits ?1he ro"1“1 ,,,eth0dB °f arrllrln« « test be eliminated frequency range Is subdivided), the 
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5.^.3 Conducted Saaceptlblllty Test Proceduree 

ÇS01 Conducted Sueceptlblllty 30 Hz to 50 kHz Power laads 

A) Bower Line Frequency at Amplifier Output Terminals 

Difficulties have been experienced from feedback of the power 
line frequency into the power amplifier. These include burning out 
the output »action of the amplifier as well as causing distortion 

and modulation of the signal frequency by the power line frequency. 
It is recommended that a diagram of an alternate test setup using 

two identical transformers for power line bucking such as that 

shown on data sheet No. 6603 In tne Solar Electronics Company catalog 
be included. The diagram shown in Fig. CSOl-1 is most useful for 

test samples requiring dc supplies or low power ac loads, of less 
than perhaps 100 W. 

CS02 Conducted Susceptibility 50 kHz to 400 MHz Power Lead 

Figure CS02-1 should show more detail of coaxial cables and 
terminations to be used. Specifically, can the 50 Cl load shown, be 
the EMT meter input impedance, and, if so, should be EMI meter 
connection be made at the signal source or at the capacitor?* 

At the higher end of the frequency range the lengths of the 
leads of the capacitor and of the connection from the feed-cable of 
the signal source to the capacitor can affect the results. It is 

recommended that the EMI cable connection be made as close to the 

capacitor as physically possible. See Fig. 16 for recommended cable 
arrangement. 

C803 conducted Susceptibility 30 Kz to 10 GHz, Intermodulation. 
Two Signal '--—-- 

(3c) The requirement of low pass filters to remove all 
signal generator harmonics is unrealistic. It is reccmmendecTthat 

3c read "... reduce signal generator harmonics to levels which will 
not affect the measurements." 

CS04-C805 Conducted Susceptibility 30 Hz to 10 GHz, Rejection of 
Undeslred Signals at Input Terminals (2 signal generator method). 
Croes Modulation --M 

Comments made on test CS03 apply to CS04-CS05 tests. 

# 

Proposed MIL-STD-k62A does not show the 50 0 load in Fig. CS02-1. 

66 



TO NOISE METER 

( MATCHED TO 50 OHM CABLE) 

(o) Detailed component arrangement used for CS02 

C 

TEST SAMPLE RF INPUT 

IMPEDANCE AT POWER 

TERMINAL 

(b) Equivalent circuit 

Figure 16 Suggested modified test arrangement for C$02 
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"This methodaif^Vn 1‘’ ^P056' should read: 

an, ísisS¡^ sp“rious 

—06 ^ducted Susceptibility Spike (Power 

Comment on CSO3 applies. 

5'5 More Complex Measurement Procedures 

SeirLihfli^ 
t,.e —- 

Changing the test load impedance, as we have -re/-ermr,Q^^ a 
not subatantiaiiy Increase the complexity of measurLentHhe opii^T 

corresponSn^liïït'1116'1 “stead of thc feedthrough capacitors and the 

acc”acy ^deoíThet U3ed' ÍS’ ho"ever' “ increase in 
WlS clMr-cut ?íf between accuracy and complexity, therefore, is 
quiTie crear cut and the evaluation is easy to make. 

is less Sraicht?oLaLmUlîh‘P:Le measurements> however, the situation 
increased ÍS ev^ f measurement complexity is considerably 

KF br^'or 2”cSSte4rcb«^^r'meÎTin! deVlCe (either ví c current probe device) must be added to tha -raom-rxa^ 
if so“FCe impedance magnitude is to he metered 

o/l^ tT d f df'S mUSt be taken- 1,1 addition, another act 
and SpedMcei Ped’ allowable combinations of current 

.tri-T*1? ^ra^eo^P in this case between confidence of nradiata^ 

of,lLearityya^d<ÍnoSitytífÍ^istr^ebutiSsUlwhichaSSeSSld AsSUmptions 

ee^ü:ÜÔL“%°&“cT?sXdSy1f^ 

measurement"technique^fOT^hese reasons^ ""“the^umple- 
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SECTION 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Introduction 

Tlie exaaiinatlon of the proper basis for establishment of 
limits and methods of measurement to maintain electronagnetIc 
compatibility has necessitated the recognition of the Importance 
of many technical and state-of-the-art factors. The present 

specifications have been established after many years of experience, 
coupled with the requirements for obtaining agreement In areas 
where wide differences of opinion exist. 

Under the circumstances. It Is difficult. In a limited 
period of time, to give proper weight to the various special 

circumstances to which a given limit or technique Is applicable. 
For this reason some of the conclusions reached must be recognized 
as tentative, being made on the basis of the best Judgement In view 
of the available data. 

6.2 Conclusions 

In the following statements the major conclusions of this 
report are summarized. Specific conclusions are covered in the 
recommendations that follow. 

1) On the basis of a direct conduction model which sakes use 
of the expected value of line Impedance, present emission «-nd 

susceptibility limits appear much further apart than necessaiy. On 
the other hand. If one considers the possibility of a combined 

radiation-conduction coupling of a susceptible device to a transmitter. 
no obvious relationship between conducted emission and conducted 

susceptibility limits need exist. However, the latter situation will 
be analyzed more completely in the radiation phase of this study. 

2) Two bases should he considered in the establishment of 
conducted emission limits: 

a) the consistent pairs of levels of emission and 
susceptibility which can be economically maintained, either by 
meeting general limits, or permitted deviations from these limits 
In special cases, and 

b) the level of emission which,when considered In 
terms of a realistic radiation model, can he tolerated in typical 
topological configurations of potential emitters and susceptible 
devices. 

H uniH 

69 



Using measured data In applying the fomer criterion and an 
assumed field value at a given distance In applying the latter, a 
consistent emission limit not much different from the present limit 
Is obtained. 

3) In order to obtain minimum spread in predicted emission 
currents, and hence optimize the confidence associated with a given 

emission limit, measurements of emission current should be made across 
an Impedance equal to the expected value of the line impedance. 

Measurements with the present method (assumed to be a short circuit 
current method) require assigning a limit estimated to be about 
b dB more severe in order to obtain the same degree of protection 
from interference with the same confidence. 

Present susceptibility limits are higher than many of 
the values measured on equipments which were tested. The proposed 
limit is more consistent with present practice, but does not 

satisfy the condition mentioned in item 1 above, where there is 

direct coupling fron a transmitter antenna to a receiver power line. 

5) Consideratico should be given to divisions in limits and 
test procedures between signal and coitrol lines and between ccmnon 
mode and differential modes of transmission. 

6) Numerous editorial and technical 
the texts of MIL-STD-461A. and 462. 

amendments are needed in 

6.3 Recommendatlone 

The reccanmendations are divided into two groups: those 
pertaining to limits and those pertaining to test methods. In the 

case where there is a relation between these, the limits specified 
assume the modified test method. 

6.3.1 Limits 

03 I*arrowband Power Lead Emission: The limit 
specified on Pig. 10 (ZM = Z^^) should be adopted in the frequency 

range up to 30 MHz. The limit could be extended to 50 MHz at the 

level at 30 MHz if desired, but evidence of the importance of the 
extended range was not available in this study. 

2) CS01, 02 Narrowband Power Lead Susceptibility: The 
limit shown on Fig. 12 (ZM = Z^) should be considered for 

adoption. 

Special consideration Is necessary for receivers whose 
power lines are expected to be exposed to direct radiation from 
transmitters. In this latter case provision should be made for 
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either (a) a Bejarate limit of one volt out to 1*00 MHz (name ae 

,°rií j fr»0per ahleMl"8 P°*«r circuits to reduce 
Siri?«Dlirrt ^rtf tr“r,,itter Plcl“P- (Hlrect radiation pickup V1J.1 De explored in the next phase of this study. ) 

shown on3FiffCB?W73, Power ^ad Qnission: The limit shown on Fig. 14 (Z^ = should be adopted. 

~ ?rr 
furtherVexamination CCmmlMl^ «glt^. device, requires 

and refill ÎS’ ,1,1686 teSts 8h0uM be restricted to signal 
, ro1 lead ®®ission in the common mode only. The limits shall 
be the same as for power lead emission as giventbove. 

mn* 6l Cï30^ CS03, u, 5, 8: For signal leads in the differential 
e, no change in the existing emission and susceptibility limits 

to at ^18 tlme- These testfl should, furthermore^ be applied 
®p2llerÄ wn afíõ t°hf °ther 6l-b—l<= PHUipment US , s^“4 
equipment as^s'lnow s JttM. ^ °f 6a“blb«l« 

oi, U f°5 con^rc,J-M lines in the differential mode new limits 
should be established. The value of 90 dfi/pV is suggested for the 
narrowband susceptibility limit and 38 dB/pA. for the emission limit 
orresponding wideband limits could be 120 dB/pV/MHz and 68 dB/pA/Mfc. 

CSO7. 8) No recommendation for change is being made for CS06 and 
A recommendation on CE05 Is given m SectfoTM:" 

6«3e2 Test Procedures 

were to adoot^nL^StSifnlfl^ant of the preceding recommendations 
t 8t circult ^ new limits. It is recognized 

aSS; Certain Pr°blemß remin ln implementation. 
although the proper equivalent circuit of the test circuit hL wn 

^Bo?ítíned, the deBign of an actual network to provide the desired 

íe^L°£o S°r and 8ti11 P088 thePpower fr^uencyr 
a™Si^J ^“"qP hed* thc circuit is thus not J 
which anniv to th* includ®d in the recommendations are some items 
which shSd h. în,^eSelî techniques along with those 

ich should be incorporated when the new techniques are implemented. 

should be ^reo'jdrfvi tn are maintained the current probe 
eq aired to have a flat frequency characteristic or shnnlri 

be properly compensated with a filter. 1 Bnould 
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If the proposed limit is adopted the current probe should 

be required to hare a linearly increasing frequency characteristic 
and its sensitivity calibrated at 10 kHz. 

This test should also be required for common mode interference 

cm all interconnecting "signal" and "control" cables. 

The measurement procedure should be modified to include the 
new measurement Impedance whose equivalent circuit is shown on 
ng. 9. 

2) CE02, 0l+: Rewrite to apply only to differential mode 

"signal" and "control" leads and modify to provide methods of 
performing test properly. The measurement Impedance should be 

50 ohms. Note 5(b) should be deleted and note 5(c) must be revised. 

3) CE03: for broadband measurements, limit should be placed 
on the bandwidth of the measuring Instrument : 200 Hz to 10 kHz is 

recommended, see Table 5*1• 

The measurement load impedance should be modified to have 
the equivalent circuit shown in Fig. 9. 

h) Test CE03: Should also be applied to measure common 

mode interference on "control" and "signal" lines. 

5) CE05: This test should be deleted or the circumstances 
under which it cam be used and method of interpreting limits 

carefully defined. 

6) CS01: Statement 3b should read "... less than 10$ drop." 
Add to description the method using 2 transformers as discussed in 

Section 5.U.3. 

7) CS02: Figure 16 should be adopted to assure proper It d 
lengths in the test setup. 

8) CS03, 04, 05, 06 and 00: Minor editorial and technical 
changes in the text as discussed in Section 5 are recommended. 
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APPENDIX 1 

CONDUCTED ZESSION AND SUSCEPTIBILITY MEASUMMEWT PROGRAM 

A.l.I Introduction 

tout ^0rder t0 f0rm a ^818 for the critique on experimental 
and CErSírafl%rVeraH te8J8amPleß were subjected to ae many CS 
AUhScî % +íe and avallAb-e te®* equipment would allow/ 

f the tests were not implemented, a comprehensive 

waa mL°f ex?erlmental test procedure outlined in MIL-STD-itéa 

îïaî lilVT^Tá conceptual or practical 
Î 8 1186 lf tbese te8ts were conducted. These 

nrni!^^PlUe the experience gained by implementation of seme test 
p cedures formed the basis for the discussion in Section 5. 

report ediere0ll0Wlt8 teSt sample8 were subjected to the teats 

R-39QA/URR 
KWMr-2A 
AN/CKC-27 
BC-348 
Drake 2B 
TPS1-D 

HP receiver 

Single sideband transceiver HP 
UHF AM transmitter and receiver set 
Receiver HP 
Amateur band receiver HP 
L-band radar 

Sonmm test setuPB ^ experimental procedures 
StTíSf ï MIX-STD-462 were used. Results and discussions on 

ao! detailed ln Data Collection Techniques," 
Technical Report NO. RADC-7R, December I968. 

A*1,2 ggOg and CE04 Control and Signal Leads, 30 Hz to 50 Hz 

ï i°W f ***’ n° currentB were detected on any control or 
ín!rÍ,leadS any of the equipment tested, although the instrumenta- 

CE02 Ib^Pn vw CUírentS 20 dB °r more below the ltaita for CEU2. Above 20 kHz, such currents were found in several cases 

¿kTS the limlts for CE04. With the KWM-2A 
reM h f“39QA was possible to detect currents on the headphone 

tudÍeof £hSeV f the internal oscillator frequencies. TheSagni- 
tude of the current was generally greater with the cable lying ot 

Íhe STL? îh T 8U8pended abOTo the ground plaS. Por 
Í^Ll217 i * uhe ^168 between the transmitter and the modulator/ 
P°^,^Upply fb™*1 BLme broadband emission in the W and HP range, 

lSit3^orUCE04 motor8^ but they were generally well beloTthe 
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A,1*3 CB06 Antexma Termlml CE. 10 kHz to IP.li rafo 

A.I..3.I Testa on the TPS-U Radar 

. T®ft CB0^ 'f8,8 performed with the radar operating In the 
rece ve mode only (key up). The only emission discovered was at the 
frequency the local oscillator, I380 MHz, ard had a level of 

íLv “ea®urfment not performed In the transmit mode 
'*ey dawn) due to lack of attenuators able to handle the power. 

A.1.3.2 CE06 Tests on HF-UHF Receivers 

numh^T on B-39O and R-276 receivers. A 
^1881°118 were detected, for which the applicable 

limit is 34 dBpV into a matched load. 

The R-39OA HF receiver emitted only a -7 dBuV level signal 

lt8 °-5 - 30 MHz opening ^n¡e! k 
S8™“ in th! ^ ran®6i «reateat of whlci «as 

ai**v at MHz. No emissions were detected from 200-1000 MHz. 

. . ^ rec®lver produced only a local oscillator 
emission of I3 dBpV at 36O MHz, In the range I50 kHz - 1000 MHz. 

sinale ^61180 ^1881^18 are produced by the KWM-2A HF 
ingle sideband transceiver. In its operating range of 3 *5 - mw* 

th. oufput of tha WO, the local oecllLtor ÎSh^^î L5 its ’ 
second harmonic, were detected having levels near or above the limit 

^Z?lr +r^lBBi0m, Were fOUDd ln the ^ re«i°n. ?hose in excess of the limit are listed In Table A.l-I. 

Table A.l-I 

ANTENNA TERMINAL EMISSION FROM KWM-2A 

Frequency of 
Snlsslon 

Levels of 
Mission Possible Source of Mission 

2.6 MHz 
8.5 

I7.O 
25.3 

78 
87 

+33 dBpV 
40 
51 
31 
41 
49 
5k 

ÍVT0) 
flocal oscillator fundamental) 
(local oscillator injection) 
(3 X local oscillator) 
(4 X local oscillator) 
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The Drake 2A HF amateur band receiver exhibited lissions 
only at the local oscillator frequency of 1Ô.0 MHz. The level of 
this emission, -fcio dB^V, is in excess of the limit. 

A.1.4 CS01 Power Lead. ^ Hz to 50 kHz 

Several receivers were tested for susceptibility in the 
frequency range 30 Hz to 50 kHz when signala are injected onto the 

power lines. The test setup used is that specified by MIL-STD-462. 

A test sample was considered susceptible if a spurious 
output was detected on a pair of earphones when the injected signal 
power level was increased from 0 level. The level at which the 
spurious response was barely detectable was recorded and compared 
with the levels specified in MII^STD-461. In general spurious 

responses were detected on all test samples except the R390 receiver. 
However, in all cases the level needed to cause barely detectable 

interference was well above the limits specified by MIL-STD-461 
except for the Drake 2A receiver which was susceptible at the limit 
level at its 50 kHz third intennediate frequency. 

The CS01 test was attempted on the TPS1-D radar but it 
proved impossible, with the equipment on hand, to reduce the power 

volta®e within the test equipment without exceeding the capacity 
of the motor-generator set supplying power to the radar. The audio 
est generator used for performing this measurement required the 

power line voltage at its output terminals to be aus small as possible. 

In practice less than one or two volts would suffice. A scheme using 
two transformers was attempted. Fig. A.1.1. This requires the use of 

dumny load of dissipation rating equal to the radar. The addition 

£ ^ls I™? on generator plus the voltage drop across transfoimer 
#1 caused the voltage at the radar to be much too low to operate. 

V, 4 other schemes using two transformers were considered as 
shown in Figs. A.1.2 and A.1.3. 

H,. A sterne of Flg. A>1>2 ^ elMlar to the 8cheme Qf 

+ T*f 6X061)11 that the turns ratio of the second transformer was 
adjusted to produce the same secondary voltage as transformer #1 

without using a high power load. This would prevent the overloading 

of the generator. However, the impedance of transformer #2 was much 
greater than that of transformer #1. This meant that almost all of 

trLsf^r#!^ appeared across transformer #2 instead of across 

_T^e S6CO°d Boheme, shown in Fig. A.1.3, was to shift the 
second phase of the 3 phase generator using a resistor- 

inductor network to produce a current through transformer #2 equal 
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and opP°site phaBe to that through transformer #1, thus 
removing the power line voltage at the output terminals of the audio 

' iB’ the first Sterne, failed because of generator 
overload and excessive voltage drop across transformer #1. These 

problems point out the need for further study In testing equipment 
that is powered by limited electrical supplies. 

A*l*5 CS02 Power Lead, 50 kHz to 400 MHz_ 

A.1.5.1 Tests on HF and UHF Receivers 

The CS02 power line susceptibility test was nade on a number 
of receivers in the range I50 kHz to 400 MHz. MEL-STD-462 beiiy? 

íOUt the de*ails of the test 6etuPi the configuration shown 
used’ Tlie equivalent circuit shown on Fig. 16.b 

indicates that the noise meter forms a 50 fl load at the termination 
of the signal source cable, and this is shunted by the coupling 

capacitor in series with the KF input impedance Z at the power 
terminal. The noise meter reads the voltage across R. 

Signals were injected at a number of arbitrarily chosen 

SC^mP.Ttlne,fle?Uen!!le3' “ Wel1 as intermediate frequeaclee. 
As in CS01 the amplitude is raised until an output is Just discernable. 

Representative values of susceptibility levels for several 
receivers are shown on Table A.1-II. 

Table A.l-H 

SUSCEPTIBILITY LEVELS AT FREQUENCIES ARBITRARILY SPOTTED 
Ilf THE RECEIVING BAND OF THE TEST SAMPLES 

(Specified Lower Limit +120 dBpV) 

Drake 2A HF 

Amateur band 

Receiver 

7.2 MHz 

14.2 
21.2 
28.2 

BC 348 HF 

Receiver 

+40 dBpV 
+45 

+34 
+32 
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Table A.1-II (cont.) 

R-27ÖB/GR 
VHP Receiver 

2.20 MHz 
3-21 
3-99 

^5-9 
9.9 
2.05 

+ 96 dBnV 
82 
87 
96 
90 

>100 

[1st IF] 
[2nd IF 
(3rd IF J 

Discussion of Results 

The R-39QA, which is the least susceptible of the units 
tested, has a double pi section feedthrough filter in its power 
connections. The frequency range was not swept, so it is possible 
that there are oth^r susceptible frequencies. Hone of these units 
appears to meet the limit stated in 6.5 of MIL-STD-461 "when subjected 
to 1 volt from a 50 ohm source" (l volt = +120 dBpV). 

A.3-.5.2 CS02 Testa in TB51-D Radar 

The TPS1-D radar was also subjected to the test procedure 
outlined in MIL-STD-462, utilizing pulse modulation of the output 
of a 5 watt source synchronized to the base repetition rate of the 
radar, observations were made on the PP1 and A scope for false echoes. 
These echoes have been observed at various frequencies in the ramm 
50 kHz to 400 MHz. 

The radar proved to be most susceptible to interfering 
signals having a frequency equal to the radar IF frequency. However, 
this was the only frequency at which the level of susceptibility fell 
below that specified by MIL-6TD-461. The level was -69 dûn at 
58.5 MHz. 

A.i.6 CS08 Signal Input Terminal, 30 Hz to 10 GHZ 

A.1.6.1 HF and UHF Receivers 

a) In-Band Tests 

The CS08 test for rejection of undesired signal at the antenna 
terminal was performed on the R278 and R390 receivers. The specifica¬ 
tion limit requires 80 dB rejection of undesired signals in any tuning 
band, and no response to a 0 dBriW signal outside the tuning band. 
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The R-278 had several responses to in-hand signals indicating 
less than 80 dB rejection. Table A.l.Iil shows the responses when 
the receiver is tuned to 310.O MHz. 

Table A.lrlll 

REJECTION OF IN-BAND SIGNAIS 

292 MHz 
297 
302 
SO? 
310 
317 
322 
327 
332 

85 dB 
80 
61' 

65 
0 

60 
75 
75 
80 

In general, there seems to be veak in-band responses at 5 MHz intervals. 
These have not been explained. 

b) Out-of-band signals produced a few responses in excess 
of the limit. For example, when tuned to 221.1 MHz, responses were 
found at 620 MHz at -5 dBaW and 58O MHz at -I5 dBmW. No other 
responses were found to 4 GHz. 

Tests for rejection of below-band signals were inconclusive, 
îfany responses were found for which a generator harmonic falls at the 
operating frequency. It was not determined whether these harmonics 
were present in the generator output or were created in the receiver. 

The R-39O essentially free of responses to undesired 
signals in the tuning range, at the specification limit of 80 dB. 

The most surprising result was the large number of spurious 
responses to above-band signals of the R-390 receiver. For example, 
with the receiver tuned to 7.6 MHz, the above-band responses in Table 
A.l.IV were found. 

With the receiver tuned for 1.0 MHz, it was susceptible to a 
69.5 MHz signal at -98 dBmW, only a few dB above the minimum signal 
strength at the operating frequency. 

Tests for below-band susceptibility were inconclusive as for 
the R-278, but no response was found which was not traceable to 
generator harmonics. 
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Table A.l.IV 

30.5 MHz 
38.0 
39.O 
41.8 
55.0 
56.0 
59.0 
60.7 
63.7 
76.2 
78.O 

OUT OF BAUD SUSCEPTIBILITY LEVELS 
_R390A_ 

O dûriW 
-17 

93.0 MHz 
95.0 

-33 <ibdw 
-16 

o 
-30 
- 3 

o 
-57 
-29 
- 5 
-62 
-38 

97.O 

106.5 
110.0 

- 5 
- 5 
-35 

112.0 
II5.O 
146.0 
124.0 
125.0 
127.5 

-29 
-11 
- 8 
-Iß 
-13 
-37 

A.1.6.2 TPSl-D Radar 

The test procedure In MIL-STD-462 was followed for these 
measurements with the exception of the low pass filters. No such 
filters were available. The measurements were made over the frequency 
range of 10 MHz to 10 GHz. 

The susceptibility levels are listed in Table A.l.V. The 
operating frequency of the radar was 132O MHz and the radar's measured 
sensitivity of -110 dBn at that frequency is listed in the table ♦‘or 
reference. As the radar has an 80 dB down estimated bandwidth of less 
than 20 MHz, this frequency is the only one listed which is within 
the normal passband of the radar receiver. 

The tuning range of the receiver is from 1.20 GHz to I.35 GHz. 
Within this band the susceptibility limit level is 80 dB above the input 
required to produce standard response at the tuned frequency, which 
for this radar is -110 dBn. Outside the tuning range the susceptibility 
limit level is 0 dBn. Within the tuning range no response was detected 
which exceeded the limit level of -30 dBn. 

In this test, as in all other susceptibility measurements on 
the radar, the susceptibility "standard response" was the minimum 
visible echo produced on the radar indicator screens. 

The presence of responses at frequencies down to I/17 of the 
operating frequency are due in part to the radar itself and partly due 
to the lack of a low pass filter on the generator output. It is felt 
that these responses indicate that the radar has excessive Inherent 
responses to frequencies which have the operating frequency as a 
harmonic. 
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Table A.l.V 

CONIXJCTED SUSCEPTIBILITY LEVEIß OF TPS-ID RADAR 

FROM THE ANTENNA TERMINATE 

Frequency 
MHz 

Level 

dEto Remarks 

58.5 
78 
83 
89 
95 

102.5 
112 
122 
133 
1½ 
166 
190 
220 
264 
330 
440 
48o 
660 
880 

1320 
1350 
l44o 
2080 
2700 
2820 
3420 
3480 
3800 
3860 

-11 
- 7 
-20 
-24 
-24 
-29 
-37 
-32 
-36 
-37 
-27 
-20 
-39 
-44 
-34 
-70 
- 5 
-22 
-11 

-110 
-30 
-39 
- 2 
-43 
-37 
-12 

0 
- 4 
- 4 

IF frequency 
I32O MHz is 

ft ft If 

II If If 

ft II If 

ft II If 

ft If If 

ft If If 

If If If 

It ff II 

ft If If 

tf *f If 

ft ft If 

ft If If 

If It If 

II It II 

1440 MHz is 

17th 
16th 
15th 
14th 
13th 
12th 
11th 
10th 
9th 
8th 
7th 
6th 
5th 
4th 
3rd 
3rd 

harmonic 
II 

II 

It 

II 

II 

It 

II 

II 

If 

It 

ft 

If 

If 

harmonic 

of 78 MHz 
" 83 " 

" 89 " 
d q«j it 

" 102.5" 
" 112 " 

" 122 " 

" 133 " 

.i Í48 h 
" igg i, 
" 190 " 

" 220 " 

" 264 » 
.. 330 » 
» 41-0 » 
of 480 MHz 

I32O MHz is 2nd harmonic of 66O MHz 

Operating frequency f (LO = I38O MHz) 
1350 X 2 = 27OO 2 X °LQ = 2760 
DO + 60 MHz 

2 X LO = 276O MHz; 276O - 2J00 = 60 
2 X LO = 276O MHz; 2820 - 276O = 60 
spurious response 
spurious response 
spurious response 
spurious response 
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Appendix 2 

POWER LINE IMPEDANCE MEASUREMENTS 

A.2.1 Introduction 

As discussed in the first interim report, the power line is 
modeled as a three-terminal device, with an impedance between each 
of the three terminals as shown in Fig. A.2.1. These three impedances 
may be calculated from three related impedances: Z', Z", and Z"* . 

The effective impedance between L and ground, with H shorted to ground 
is just the parallel combination of and Z3, and is defined to be Z*. 
Similarly, if L is shorted to ground, the impedance between H and 
ground is defined as Z"', and if H is shorted to L, the impedance 
between H and ground is defined as Z". 

Thus, one has the three simultaneous equations: 

Z1 

Z" 

If these are solved for Z^ Zy and one obtains 

Z' + Z'" ~ Z* 

Z = -is_ 
3 1_ 1 1 

Z» z* - Z'" 

Thus, values for Z', Z", and Zm at a given frequency coroletely 
determine Z^, Zg and Z3 at that frequency. 

In practice, the shorting of two terminals of a live line 
was accomplished using a capacitor whose impedance was always less 
than 1 ohm over the frequency range for which it was used. Thus, 

Z£Z3 

V Z3 

Z1Z3 

Zl+ Z3 

Z1Z2 

Zl+Z2 



0.5 MHz and a one ^cíofarad\apacit°r ^ fr6qUency ranße 10 kHz to 
to 50 MHz (see Figs. A2Í2 aíd A2 5) Th^ USed.f0r the ran«e 0-5 MHz 
latter range to avoid problems c^ctefjTSÍernir ^ the 
the larger capacitor, and to reduce the iT fnternal resonances in 
the capacitor. The diagram of the cirmit erJz current flowing into 
of Z', Z* ' j and Z'" i^th^ eL;, clrcuit us^ for the measurements 
in Fig. A.2.3. The current nrohe^^ ra?fe 10 1° 1° MHz is shown 
spectrum analyzer was a Singer típe^PA ^^íh^ 9155°"lj the 
a General Radio type 1001-ag A SPA-3a and the unit oscillator was 

structed for the ^Lu^enis °f SWÍtCh b°X (S*B-) con- 

-reSeSrt7tehîSÆ £si. 

voua,. ^MLrLeZroscmaS.60 CyCle 

3«-leS »Uh «CSe™.“rLu^Led “ “ COnStant —ce U 
voltee source »as caîlbrated^ â’c^stÎTiî "f' ^ The 
scope to measure the open-circuit vmt»í ^ Ei USing ^ osciHo- 

- dMlce 
the scale re^ïsTfp^^^^^^^kept constant. 

("i1* z) 

iS ‘o the current 

developefát^ts^nSSaír1“^ í° the TOlta«e 
voltage developed a? the analv^ -¡I current Probe used the 
frequency range 10 kHz to ] mh7 ï iput is not constant in the 
The correction chart shown in Fic^A^^211“1 Pr°be 1x11)111 current. 
correct admittance valS^sSe¿. ? ^ theref°re required ^ 

if the ^r^rSe^ob^'s8jr^Lcchfr prrr^ ^ -iy 
impedance in the test case was the finííe iípút i™'* the °UtpUt 
spectmm analyzer, the validitir rvp +w 11 1x11)111 ^edance of the 
in the following manner. A known . e correclion factors was checked 
80 kHz (20 log LTS ^ af CUTrent lo lhe Probe at 
scale reading oÍTthe spectrum analyzer^Tt IZ adÍ^Sled lo a 
the range 10 kHz to l mh-t +v, -^zcr. At some other frequency in 

to th^roha ^uÎ°aiÂceedSne^‘ & ^ ^ y uucea a reading on the spectrum analyzer. 

8U 
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This reading multiplied by the correction factor at the given frequency 
should correspond to a full scale reading, if the assumption that the 

spectrum analyzer does not appreciably load the probe output is valid. 
This was found to be the case at frequencies in this range. The 

spectrum analyzer is adjusted to full scale with Z shorted. Thus, 

f^ale ^flection corresponds to an admittance of Y, = 1 = O.Unho. 
With the short on Z removed, the deflection corresponds1 

to the magnitude of 

(vz)’ 
Depending on the magnitude of the measured impedance, the 

internal resistance of 10 ohms is either considered or neglected. 
If the magnitude of Z', Z", or Z'” is greater than 100 ohms, the 

internal resistance is neglected since it is at most 10^, and usually 
less than 5% of the magnitude of the impedance measured. Thus, the 
magnitude of the impedances Z*, Z", and Z"' is determined by the 

ratio of the generator open circuit voltage divided by the measured 
currGiiu • 

, ^ îhf of z'> z"> or Z'" is less than 100 ohms, it 
* ?ívlífd 1X110 lts real imaginary parts. The internal isroedance 

of 10 ohms is then subtracted frcm the real part and the new magnitude 
is computed from the new real and (old) imaginary parts. 

The phase used in the above calculation is measured at 
representative frequency points using an impedance bridge. These 

phase points are then connected, providing an estimate for the phase 
at the magnitude points between the points of phase measurement. 

Thus, Z', Z'*, 
10 kHz to 10 MHz. 

and Z"’ were obtained for the frequency range 

A diagram of the circuit used for the measurements in the 
frequency range 10 MHz to 50 MHz is shown in Fig. A.2.2. The 

impedance bridge was a General Radio type 916-A, the unit oscillator 
was a General Radio type 1211-C, and the detector was a Singer 
spectrum analyzer type SPA-12. 

In the frequency range 10 MHz to 50 MHz, a 1 microfarad 
capacitor was used to block the 60 cycle voltage of the line in 
order to prevent the transformer in the bridge frcm being driven 

into a saturated region of its magnetization curve. The shorting 
and blocking capacitors contributed negligible impedances in 
comparison with the line impedances being measured. 

The switch box used in the frequency range below 10 MHz 

not be used above this frequency because it showed a resonant 
condition at approximately 14 MHz. Therefore, the capacitors and 

the impedance bridge were directly connected to the line through an 
ordinary power plug, using leads which were no longer than 2 inches. 
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This offered an additional improvement by reducing the inductive 
reactance. 

For this frequency range, the real and imaginary parts of 
Z', Z", and Z,,,# rather than magnitudes alone, were determined at 
each frequency of measurement. 

The driving point impedances Z-^, and Z3 were found at 
four locations within the Moore School. The mean and standard devia¬ 
tion of the driving point impedances are shown in Figures A.2.8, 

A.2.9 and A.2.10. The mean was calculated at each frequency by 
averaging the values of the driving point impedance at the four 
locations. The standard deviation (defined as 

where the x^'s are the sample points at each frequency and m is the 
mean) was also calculated at each frequency. 

At low frequencies—that is, from 10 kHz to 400 kHz, the mear 
value of the impedance rises and the standard deviation is small. 

The line has external loads at various distances from the measurement 

point. These loads have greater effect on the driving point Impedance 
if they are closer to the input terminals. Since in this frequency 
range the impedances are small, tne number and location of the loads 

have a relatively small effect. This supports the fact that the 
standard deviation is small. 

At intermediate frequencies, 400 kHz to 13 MHz, the calculated 
standard deviation beccmes large, casting some- doubt on the reliability 
of the averages calculated with only four points. There is no question 
that more data are needed, but a glance at the data shown in Figures 

A.2.8, 9, 10, reveals the tendency of the impedance magnitude to rise 
to a level of about I50 to 200 ohms and to remain a-c that value through¬ 
out this frequency range. 

At high frequencies, 13 MHz to 50 MHz, the impedance magnitude 
falls and the standard deviation beccmes smaller too. At these 

frequencies the loads on the power line far from the point of measure¬ 
ment have, in all likelihood, a minimal effect. And since all loads 

in the immediate vicinity of the measurement point were removed, the 

variability from one line to another can be expected to be smaller. 



Figur« A2-I Impedance Model of Three Conductor Power Line 

1.0 ft f 

Figur« A2-2 Impedance Measurement Circuit 

10 MHz -50MHz 
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PROBE 

Power inputs to test 
equipment ore token 
from seperote power lines. 

FigureA2-3 impedance Measurement Circuit 

10 kHz -10 MHz 
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Figur« A2-6 Measurement Circuit 
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APPENDIX 3 

EQUIPMENT IMH5DANCE MEASUREMENTS 

A.3.1 Introduction 

It la the purpose of this section to report measurement 
procedures and preliminary data on test sample power line Input 
Impedance which Is needed to complement the analysis of section 4. 
Although * large sample size of Input impedance data is required In 
order to obtain reasonable statistical estimates, the date reported 
here on 5 Pleces of equipment may provide a crude eetlmte on some 
of the statistical parameters. 

A.3.2 General Considerations 

+. As1?a8 ïeen Previously reported [l], the Input Impedance, at 
the power line temlnals of a piece of equipment, can be represented 

lï whlchTo ifth ïUiLCOnfi8UratlQtl 8UCh aS dePlcted ln yi«* A.3.I, in which Zig is the Impedance across the power lines 1 and 2, and 
from li“« to ground. Thus, in order to 

completely characterize the Input Impedance all three Impedances 
must be measured. 

Jtoce the Impedance measurements may be made In conjunction 

uRph+h0nd«Cte? ^1881°° and susceptibility tests. It Is desirable to 
usetbesame test setup and equipment wherever possible. Thus the 
test setup used is shown In Fig. A.3.2. In order to InsureTs- 

UaÍÍ°fv,the grOUJd lead ^ the P°wer lin« is bonded to the 
and th® P^61* leads are placed a fixed distance apart 

rlÏT îï6 gr0und plaae- ^ addition, the test sample chassis Is 
8rrd plane* About V «“ distance from^L e^î^ 

J-0 ^ bypat! caPacltorB are placed In order to IsolatTthe 
aS Impedance from the test sample impedance. The injector 
and receptor probes of the Impedance bridge (Solar Mod. 6302-2) 
connected Into the line as shown in Fig. A.3.2. 

Measured values of shunt Impedance [2] of th« bvrana 
ahd preliminary data on power line Impedances [3] Indicates that the 
bypass capacitara effectively IsolatTthT«*.^^^.^^ 

1. "íH3 Date Collection Techniques, Report No. 1, 
Dec. i960. University of Pennsylvania. 

2‘ D^E Une ^t^ough Capacitors," by 
of Report' Soh°o1 69-19, Italv. 

3. Ibid, Section VII. 



... 

lûTkHz qn Ä t6 freqUency mn«e °f measurement (i.e., 
lltl0n> the' ßhunt ^Pedance of the capacitors, 

te a^^Tto^r lfl leB8 than one ohm and will 
De asBumed to be small in comparison to the impedance levels of the 

MtÎ^eca^ he íw HUiï'^ThUfl a BÜnpllfled dla«™m of the impedance network can be that depicted in Pig. A.3.3. 

The Solar bridge is used to measure the driving point 
impedances at the locations indicated in Fig. A.3.3. The impedances 
which are measured, are the following loop impedances. 

z ~ ./12 ZiQ 
ll Z12 + Z10 

Ji - 
2 

Z12 Z20 

Z12 + Z20 

„ Z10 Z20 
% = 

With the above three measured values, the test sample impedances Zin, 
Zgo* *Dd Z,p can be computed. 10 

4 ï* 8houM be noted tb»t the impedances Z1n, Z10, Zpn include 
the impedance of the power line lead inductance.10 12 

A»3.3 Experimental Procedure and Data 

w««.« e<luipmenttB (test samples, Impedance bridge and RIFI meter) 

^ + ff®1 plane located in a shielded enclosure. A ^ 
block diagram of the experimental setup is given in Fig. A.3 4 Detail,, 
of the connection of power line, end grounding ere gvf¿ init TTl 
In order to neeeure, for example, the InpedeS, Zg. e, °e^ ^ 3 

to thi'dîïî^ï® VUS clAmped arouod llne 1» the signal generator set 
tothadMlred frequency and the bridge was tuned for a null on the 
RIFI meter. The impedance magnitude and phase of the Impedance Z, 

# haVtí 8hown the 10 ^ capacitors resonant with the 

l^T0en^rítOr and lnductance at a frequency 
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Is read directly off the dials of the bridge. The same procedure 

is used to obtain . However, Zi is the impedance measured in the 

ground return and hence it is impossible to place the probe around it. 
Under the assumption that only unbalanced current exists in the ground 

plane and the two power lines, the impedance as measured with the 
probe clamped around both wires, is equivalent to the Impedance 
measured if the probe were clamped around the ground return current. 

Data were obtained for the following pieces of equipment; 

BC-343-N 
R-278B/GR 
KWM-2A 

TPS1-D 

1 
2 
3 
4 

5 
6 
7 

HF receiver 

UHF receiver (200-400 MHz) 

single sideband transceiver HF 
L-band radar set* 
HF receiver 
HF receiver 

UHF transmitter 

R 39OA./URR 
BC-346R 
T-217A/GR 

The resistive and reactive 
are plotted in Figs. A.3.5 - A.3.10. 1 ¿ 

A.3.4 Discussion of Results 

The data for the resistive part of the measured impedances 

show considerable difference between test samples for frequencies 
below 10 MHz. However, in all cases the resistive impedance hem a 

value which rarely exceeds 100 ohms in the frequency band 1-20 MHz. 

The reactive part of the impedance shows a trend of increasing 
inductance for frequencies above 8 MHz. The values of inductive 

reactance above this frequency compare favorably with the computed 
reactive impedance of the power line lead inductance of approximately 
1 pH. It is expected that reactances, measured In lines 1 apd 2, 
should show smaller levels of inductive reactance as the frequency is 

decreased. This is borne out by Figs. A.3.8 and 9, with the exception 
of data for BC-342-N, and BC-348-R. The data for KHM-2A appear to he 
anomalous in the frequency range; further checks should he made on 
the measurements before any conclusions are made. The increasing 

capacitive reactance of BC-342-N and BC-348-R for decreasing frequencies 
may be indicative of an open circuit in the power line. 

* The radar set is powered by a 400 Hz motor generator set. 



POWER LINE I 

Figurt A, 3.1 Power line Input Impedonce ot on Emission Source. 

Figure A.3.2 Test Setup 
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Figure A-3'3 Impedance Prob« Locations 
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APPENDIX k 

MIHIMEAIIOH AND COMPUTATION OP VARIANCES 

OP ACTUAL CURRENT AND VOLTAGE 

A.k.l Introduction 

In t¡hl8 section are presented the details of some computations 
whose results are used In the sections on emission and susceptibility 
limits. 

In particular, expressions are derived for the variances of 
the actual line current and voltage produced by an Interference 
source, which are then minimized with respect to Z„, and their ’'alues 
are computed for different values of " 

A.4.2 Expressions for the Variances 

Recalling eqs. 3*3»3 and 3«3*5 of Section 3»3> the actual 
line current and voltage, Lj, and VT, are given respectively by 

^ = ½ 
ZS +ZM 

ZS+Z4- 
= I. 

M (A.4.1) 

vt = imKI zs + 7,m 
IM I I 3 IM C.M (A.4.2) 

where IM = magnitude of current measured from source when terminated 

byZM 
Zg = Impedance of source 

^ actual terminating Impedance of source 

AM 
Zs + ZM 

:m-KI ZS + ZM 
a—T-çr- 

Zs + T SK 

(A.4.3) 

(A.U.4) 
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Assuming Iw and ZM are known q.uan4 ities, we_seek to find the 
,nd Vm about the fixed mean values T " variances of I-, ana V™, ahait the fixed mean v 

respectively. iThese variances may he written 
Irp and V,p 

Now, 

Variai = Xj,2 Var 

Var(VT) = VT2 Var Í -T 

XT _ IH ^ 

XT IM 

_ IM CM 

VT " V^M 

Since IM is assumed known, 

and 

IM AM = IM AM 

so that 

and 

XM CM ^ XM CM 

£ A 

\=ÍM 
= C 

Var(lT) = Xj,2 Var (A) 

Var(VT) = VT2 Var(C) 

(A.U.5) 

(A.4.6) 

(A.4.7) 

(A.4.8) 

108 



Thua, the variances of concern are the normalized variance» 
Var(A) and Var(C). Once these have been calculated^ the variance 
about any mean value may be calculated from (A.4.7) and (A.4.8). 

A,J+*3 ^pressions for the Normalized Variances Using 
Appro« imatlon .. ^ . 

X CM 
Since A b —— and 0 s ~ 

we have 

Var(A) » Var (A^) 

Var (C ) = Var(cM) 

CM 

(A.4.9) 

(A. 4.10) 

eqs. A.4.3 and A.4.4, 

AM 
ZS +ZM 
z“"+ z 
S T 

v2 + .. A +v 
(¾ + 1¾) + (¾ + Xj)“ 

(A.4.11) 

1(¾ +^.r + (Xg +¾)2 

where zs = Rg + jXg 

ZT = R-r + JX.J, 

ZM “ ^ + JXM • 

(A.4.12) 

Rg* Xg, Rp, and % are random variables. Finding the 
variance of Ajj and Cw in general is thus quite difficult. We, 

Approximate AM and CM by assuming they vary linearly 
with these variables about their mean values: 



where 

and 

Thee, 

àA^ 

* A\+ S5Ç AX, 
8 

àAM 

* 
* AX^ 

0CM 
CM - °M ' 4CM ^ 

ÔC 

. ARg 
ax0 • üX_ 

'M 
c 

I 

M 

0¾ 
• A8rj, 

dC 
M 

âXT 
* AX,,, 

M 

5¾ 

^ =1 =° Up , etc., 

xs 3 V = 

etc.. 

Rg = mean value of Rg, etc. 

we have 

(A.4.13) 

(A.4.14) 



! iiiitniii-|iii iiii>ii.i|in|ii iimwiaulrt. 

1 nlaffll: 

li1!« ,'i! 
«T f 

Wf ■ 

mmMMAWMi'NM# ' ' ^^W*Wl|«WlliiW>IW(|¿il)lMtíl|l(Wí||i iWi Ml - 

varí*,,) . (¾)2 . + (^)_^ ^ 

+(¾ ^ %2+(¾)^ %a <*•“•«) 

V“(Cm) ' ■ fi)c \ + (¾ \ 
M M 

M 

2 
^Rg = VariRg), etc., assuming independence of Rg, Xg, R^,, and 

then 

CM = I I ^ * 

0CM - a|Zï|| ,- , SAji 
âïç __ =am -§ç- +KlãC 

Sí Si 

Now, 

0C\ 

M 'M 

aKI aM 
âHg - axg o 

111 

. 



I T l BHff ,h¡;| Il : ■•¡I r!i 

éMNMmM H1 ^rtni ««MMMK hhmm H#aM ....... 

so that 

v“(cM>=i^[(ÿ)_ ^.(¾^ ^ 
M CM ^ 

2 m 

7- 2 

■|?r|2ïariv+iÿp[^% ^2%2]^ 
where we have used the relationship 

l^l - V^è+-\2 . 

A±17 I!11*.“? that Var(CM) can be computed once VarfA ) is known, and need not be computed independently. 

Prom eqs. A.4.9 and A.4.10, we find the normD.lized 

Var(A) = Var(A ) = /i ^ ) 2 

Í ~<c"’ ■ ftfer '“v 

"•’“'•fn'fcS'*«'“”*,'] 

variances : 

% 
(A.4.18) 
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The second term on the rl^ht of A.4.19 iß independent of ZM. 
Consequently, the value of ZM which minimizes Var(A) will also 
minimize Var(C). 

assumption, the mean value of AM is given by 

V 
ZS +ZM 

ZS + ^ 

/¾ + ^)2 + (¾ + XM) 
2 

(V^7 + (¾+ 
(A.4.20) 

We now compute the partial derivatives called for in A.4.Iß and 
multiply them by l/Aj^ as given by A.4.20. The results are 

-LÜfü 

(®s+ + * 0¾ * 

_- + xm)2(\ + 

ZR +ZM 

1 

am s 
% 

<*S + V[(XT - V<XS + + (¾ + 
- (¾ ' V^s+V 

■ 1¾ +\P . 

A 
Ã ^ M ^ % +zrl 

(A.4,21) 

(A.4.22) 

(A.4.23) 

SÇ 
*S+XT! 

1¾ +^r 
(A.4.24) 

Substituting eqs. A.4.21 thru A.4.24 into A.4.18, we obtain 
the expression for Var(A). Var(c) is then found from A,4,19. 
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A.4.4 Value of Mlnimizing the Normalized Variances 

The value of Z*, minimizing Vhr(A) can be determined by 
i. A.4.21 thru A.4.24. T1 ÎÎltînÏÎÏÏ w Í*4«21 thru A.4.24. These quantities "¿re'squared 

multlpllg ^positive quantities, and added to obtain Var(A) bf ' 

Fk 2^ând*A ?^kíaet^WO teraS °f A^-18 independent of (see 
fflãto the fiMtíinV ^110^ lf there Were a ^1116 of ZM that coifld 
Sânuí mî™ oí íaí iiT HI* «i^^aneously, this would result In the 

these tei*-bei”«»i -«i 

«1« or\!TCÜX„X' A-4'21 ^ th-e 16 > 

"m*5? 1 

J 
zm s ^ + 

(A.4.25) 

(A.4.26) 

n+ Var(A) is miuimlzed when ZM is the avera«e value 
of the actual terminating Impedance Z^ = ^ + ^ 

In accordance with the statements just following A 4 iq 
value also minimizes Var(C). J-oxiowrng a.4.19, this 

This Is thus the value of Zw, by eos A 4 7 anH û l A ,, , 
will minimize the variances of r aifn v + *4*7 d A*4*8^ whicl1 
that IM is known. ^ d Vt about an^ values, given 

This result Is used In Section A q 4 
impedance for emisslor. measurement is di¡c¿ssed^ the optimum terminâtli 

A.4.5 Conputetion of the Statistics of Z 
‘T 

r“ct“r ^ 
canblnatlon^of the lln^wid lid ^.reoaUel- ls th® P&rallel 

» . ZL ^ 
(A.4.27) 
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+, ®8Sume means ^ variances for ZT an*! Zn. From A 4 27 
tnen find the means and variant a« r»-p 7 , «r *,? r rom ve 
as above. variances of Z^ using a linear apprcocimation 

Letting 

S ■ «T + JXj 

ZL - BL * 

ZE = «B + JJtH 

and using A.4.27, ve have 

BgOl-2 + XL2) ^ . 

(Hl ► 1¾)^ + (XL + ^)2 (A.4.a8) 

. VRL2 ^L2) ^a) 
(¾ T ’’r)2 + (¾ + Xj,)2 (A-A.ag) 

E' Ve b^6’ a8SU"1,lg tlKS« «rubles ere statistic^ 

(¾+ V"+ * ^)2 (A-,,-30) 

g ^2+ir2)+*r.&2+Sia) 

+ 57 + (xc + )2 (A.A.31) 

(A.4.32) 
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(A.U.33) 

where the subecrlpts and jL Indicate that theee derivatives are 
evaluated at the mean values of RR, RL, xR, and XL. 

The values of these derivatives are listed below. 

5¾ 

aRE 

(bl£ ^ XL2) . aïï, R, 

D 

2N. 

R (ÏÏL + 

0¾ (¾2 + x/) , 2Rl ^ 

D 

(A.4.34) 

(A.4.35) 

0¾ 

5x7 
L 

0XR D + ^r) 

0XT 
D ^L + V 

2NX - - 
(rl + «r) 

(A.4.36) 

(A.4.37) 

(A.4.38) 

0½ 

D (A.4.39) 



o™ 

i IWi'l 
MM4■•WIN!! ItmWiluO!. ii|i|lMlWtW|IMW»W 

äXT 

äXT 
5¾ 

\ + ^ + ^R2) 2Ny 

■7®l + V 

^R XL + <\2 + XI,2) ^ Æ ^ > 
-D-? ( L ^ 

(A.4.4o) 

(A.4.41) 

where 0=(^ + Rp)2 + (XL + XR) 

"R =¾¾2 +ÏL2) +A<V+V> - 2 . - 

“x = ^<SL2 + XL2> + XL^ + V> 
2 . T7 2, 

Identical Statistics Gase 

To obtain numerical values, we make the assumption (which Is 
In agreement with the data In Sections A.2 and A.3) that the means of thi 
resistances are equal, the means of the reactances are equal, and that 
the variances of the resistances and the reactances are equal. That 
Is, that 

R = RS “ RL “ 

* = W *R 
2 2 2 2 2 2 2 a = a0 = av = ax 

RS *8 “L ~L "R “B y 

(A.4.42) 

we find 

rl " "xl " % = % 

Substituting these relationships Into the above equatlonr. 

v! 
Xt = ! 

z 
(A.4.43) 

(A.4.44) 
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(A.U.45) 
„2 2 a 
% = % = T 

^ ,-1° other word8i the “ean actual terminating impedance is 
one-half the mean source, line, or load impedance, and its variance 
is one-eighth that of the common variance of the resistances and 
reactances. 

A,1+*6 Computation of the normalized Variances 

Actual values of the normalized variances of current and 

I°Í+ +e ï1? U8ed ín ®ectlon for comparing accuracies of measure- 
i1echniques, in Section 4.3 for deriving emis-lon limits and in 

Section 4.4 for deriving susceptibility limits, in this section, we 
derive the general expressions used in making these computations. 

Minimum Values 

We recall eqs. A.4.18 and A.4.19 for Var(A) and Var(c), and 
the ensuing discussion on minimum values. At Var(A) the first 
two terms in A.4.18 are zero, so that min’ 

Var(A) 
min 

ii “sf a / i “mT 
(A.4.46) 

Var(C)mln = Var(A)mi„ + \2 + =¾2 

Making the identical statistics assumption (see previous 
section;, these expressions reduce to 

Var(A) 
min 

10(52 + X2) 

Var(C ) Qo* 
min 

9(12 + X2) 
30“ = 16 Var (A) 

min 

(A.4.48) 

(A.4.49) 

where the meaning of a2, R, and X is described in eq. A.4.42. 
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Relative Values 

„ ... I" turns out that computing the rat.oe Var(A)/Var(A) 4 and 
Var(C)/Var(C)w^^ Is easier than the direct computation of m*n 

Var(A) and Var(c). Then, once the minimum values are«known, a Simple 
multiplication provides Var(A) and Var(c). 

Prom eqs. A.4.46 ard A.4.18, 

Var(A,.(iÿ) %2+(^M) *Xs2+Var<AW 

so that 

Var(A) 

Am ! ÄS 

/i. 2./1 dAM\2 1 

Íâ„3V \ \ ** Iãm 

/J_ „ 2/1 âAM\ 

\JL. ört/ % (rô5çj 

+ i (A.4.50) 

From eqs. A.4.47 and A.4.19, 

Var(G) - Var(c)mln = Var(A) - Var(A,\ 
'min 

so that 

Varie) Var(A> - Var(A)ml„ 

va”(¿4m Var(CVin 
+ 1 (A.4.51) 

Var (A) 

Var(A^ln ’ R2 

Again assuming identical statistics (eq. A.4.42), 

+ X2 íCr + ^ + 0: +xm)2]2|^ + ^2] 

-^+V2]2 + [i^XM)[x(|-XM) + R2] 

- X(R + R^ + 1 (A.4.52) 
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I.P.. 

Var(C) Var(A) - ^rfA) 

15 Var(A) - 1 
min 

+ 1 

1 
16 

Var(A) 
Var(A) + 15 

min 
(A.4.53) 

Computation for Z,. = o and 
-. ,.. w 

For ZM = 0 (1^ = XM = 0), eqs. A.4.52 and A.4.53 become 

_o R6 + X6 
^r(^mln (R2 + 5^)3 + 1 (A.4.54) 

8 R6 + X6 Var(c) 

Var^mln (r2 + x2^ 
+ 1 

(A.4.55) 

For ZM" ^ ^ = ao)> eqs. A.4.52 and A.4.53 become 

Var (A) 
vãF(A) 9 

min (A.4.56) 

Var(c) 3 

(A.4.57) 

A.4.7 Smnnw-ry 

In this section the normalized variances of the ae+„»i 
current and voltage at the output of a source with a random Impedance 

S ^ + JXS been computed, given a random load Z , and that the 

current IM into a known load ZM is known. I.e., given T and Z 
M M 

Var(A) = Var(l^) 
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and 

Var(c) ) 

The General Expressions for these quantities are given as 
eqs. A.4.lb and A.4.19, assuming a linear approximation, l.e., 
assuming that the quantities are linear functions of their variables 
about their mean values. 

The Minimizing Value of Z^, that value which minimizes Var(A) 
and Var(C), Is the average value of ZT, the random terminating 
impedance (eqs. A.4.25 and A.4.26). 

The Mean and Variance of Zy In terms of line and load 
statistics are given in general'ln eqs. A.4.30 thru A.4.33, and for 
the case where source, line, and load impedances have the same 
statistics, in eqs. A.4.43 - A.4.45. 

Values for the Normalized Variances are given In general for 
eqs. A.4.46, A.4.47, A.4.5Ò, and A.4.51, for the equal-statistics 
case in eqs. A.4.48, A.4.49, A.4.52, and A.4.53, for ZM = 0 In 
eqs. A.4.48, A.4.49, A.4.54, and A.4.55» and for Zjj * » in eqs. 
A.4,48, A.4.49, A.4.56, and A.4.57^ where R, X, and are given In 
eq. A.4.42. 

/ 
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APPENDIX 5 

CHARACTERISTIC IMPEDANCE AND VOITAGE ATTENUATION 
MEASUREMENTS ON TRANSMISSION LINES 

A.5.1 Introduction 

in this cectlon axe the resulte of characteristic 
impedance and voltage attenuation measurements made on power trans- 

®f®8l°°.llne® se^ UP in the Moore School laboratory. EfeasJrements 
were made using Rcmex cable and cable in rigid concLit. Lines of 

Set4.UP ^ a11 JKa8urements were taken with the lines 
Ä floor- The following instruments were used 
to make the measurements: 

1) flnpire Device Noise and Field intensity meter 
Model NF-114 

2) GR type 116-A RF bridge 

3) Federal Manufacturing and Engineering Corp. Type 
CFD-6OOO6A RF Standard Signal Oscillator Unit 

4) GR Unit Oscillator, Type 1211-C 

5) Hewlett-Packard Model 410-B Wide-Band VTVM 

6) GR Unit Oscillator Model 1210-C. 

A.5*2 Termination 

In practice, lines are terminated in an effective impedance 
which may vary considerably under various conditions of use. To 

c?ndltlons cloBe to what is considered to be an average 

the voltage attenuation measurements were 
made on the lines under terminated ccnditions. 100-0 terminatinc 
resistors were used. This figure was selected simply because it is 
mirly close to the characteristic impedance of normal lines If 

the lines were not terminated, high peaks would have been obtained 

Înlîî! Vï™age tran?fer ^1° of the Une. This is evident from the 

is1giventasI1Sfer ^1° °f a dl86iPatlonless unterminated line, which 

V2 
y” = K 
V1 cosh YZjt cosh YZ /, 

o 
(A.5.1) 
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where V1 = Input voltage to the line 

Vg = out pit voltage 

Zo = characteristic Impedance of the line 

i = length of the line 

Y = admittance per unit length of the line « Jo«. 

Substituting' Y = Jcüc in (A.5.1) ve get 

K = 
1 

cos <s!L ic 
o 

(A.5.2) 

where 

U) 
c 

1 
Z l 
o c 

(A.5.3) 

Equation A.5.2 suggests that K is Infinite wherever 
co (2n+l) 
^ = — n. in practice, some dissipation Is always present in 

the line, and that limits the magnitude of the peak to a finite value. 
A typical experimental setup for voltage attenuation measurement Is 

shown in Fig. A,5.1. Except In a couple of canes, a 50-fi cable was 
used for bringing the signal at the receiving end of the line back 
to the sending end for measurement purposes. 

Characteristic impedance of the line was determined by 
measuring the ii^ut impedance of the line with the far end open and 
short circuited and then taking the square root of the product of the 
two Impedances. A typical experimental setup for characteristic 
Impedance measurement Is shown In Fig. A.5.2. 

Thé voltage attenuation of a line terminated in Its own 
characteristic Impedance Is given as 

where v is the propagation constant of the line. In general 



.. ■. 'i.... mmm, ■, ' . ... 

> 

V =* a + jg 
(A.5.5) 

where 

a j^/RG - aPlC + y/fíG - (U2ic)d + œ2(LG + RC) 
(A.5.6) 

and 

(A.5.7) 

where L = Inductance per unit length of the line 

C = capacitance per unit length of the line 

R * resistance per unit length of the line 

G = conductance per unit length of the line. 

Hence, so far as only the magnitude of rp is concerned, it is given 
8.S » i 

K s Q -0.1 

(A.5.8) 

From (A.5.6) and (A.5.8) it may be seen that for a lossless line K 

is constant with frequency. However, this is not true in practice 
especialiy at high frequencies. Due to skin effect, resistance (r) 

ff iL ÍB quite aPPreciable at high frequencies and, tb*refore 
its effect cannot he neglected. Also, the effective resistance of th 
line increases at high frequencies if a steel conduit is used. The 

functional dependence of the ac resistance of the line to its do 
resistance is given as 

R«c 
A Vf 

(A.5.9) 

where A is a constant which depends upon the physical dimensions of 
he line, iiiuatlcms A.5.6 and A.5.9 indicate that a is some function 

or the driving frequency and it increases with frequency. Hence K 

If ''lth As my be seen from the results 
of voltage attenuation measuresnts on transmission line made of 
Romex wire (Fig. A.5.3) and the same on a transmission line with 

frí Sdeï ÎW° alfferent termination conditions (Pigs. A.5.4, 
AO.;? and A.5.6), K does decay with frequency, but sane oscillaticns 

\ 
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are present in the K-f curves. These oscillations are due to the 

mismatch between the actual characteristic impedance of the line, 

which may be seen from the results of characteristic impedance 

measurements on Romex wire presented in Fig. A.5.7 and the sane on 

transmission lines with steel conduits for various pipe sizes and 

gounding conditions presented in Figs. A.5.10 through A.5.12, and 

the actual terminating resistance. The reactive and resistive 

components of the line with steel conduit under two different 

terminating conditions with the far end of the line open and short- 

circuited are shown in Figs. A.5.8 and A.5.9. The frequency 

dependence of the line parameters and hence the characteristic 

impedance of the line are evident from these curves. 

The results of characteristic Impedance (Z0) measurements 

show that Z0 remains practically constant up to a certain frequency, 

after which it becomes a frequency-dependent function. This may also 

be attributed to the Increase in ef Mve resistance of the line at 

high frequencies. When the effect w R and G is negligible, the 

characteristic impedance Is given as 

(A. 5.10) 

whereas when the loss components cannot be neglected, the character¬ 

istic impedance is given as 

(A.5.11) 

Equation A.5.11 indicates the dependence of Zq upon frequency. 
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Figure A 5.1 EXPERIMENTAL SETUP FOR VOLTAGE ATTENUATION 

MEASUREMENTS. 

Figure A. 5.2 TYPICAL EXPERIMENTAL SETUP FOR 

CHARACTERISTIC IMPEDANCE MEASUREMENTS 
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