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The digital wireless-sphere

Communication

’ Imaging

requency-domain behavior

Wireless links' functionality:

* Are the signal levels involved sufficient for the proper
system performance?

* Do the field emission levels comply with the (international)
regulations on ElectroMagnetic Interference (EMI)?
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SYynopsis

e Digital signals EMI analysis
* Prerequisites

—analysed configuration

—exciting pulses

—theoretical background
* Loop-to-loop transfer
 Energy spectral density of the emitted field
* Numerical experiments

—loop-to-loop transfer

—energy spectral density of the emitted field
» Conclusions

e . N .
TUDelft Wireless digital information transfer 3




Digital signals EMI analysis
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Digital signals EMI analysis

EM radiative
. Emitt“ \ D !Susceptorl
coupling

The EMI triptych & _» its simplest representative circuit:
e Transmitting loop < @ pulsed electric current feeding

e Receiving loop & » generator source of the
equivalent Thévenin Kirchhoff circuit

e Coupling path k. » free space
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Digital signals EMI analysis

* EM field description: the time-domain magnetic field H

compatibility @ g/
o

e International EMI regulations: frequency-domain masks
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Prerequisites: configuration

e Transmitting loop 2T
—reference centre: = = z"
—area: A" =i, o A"

e Receiving loop £}
—reference centre: =z ==
—area: A% =i A" LT

R

e Coupling path
—position: X =2 — 2" B> X/ X|=E
—medium: free space {e, 0} B » co= (eopto) /2
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Prerequisites: exciting pulses

Main requirement:

CAUSALITY
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Prerequisites: exciting pulses

Time differentiated power exponential pulse (6,PE)

I(t) = To N () (1 - toix) (toix)”_l exp [—V (toix - 1)] H(t) forv > 1

where:

— Leax = Magnitude of the first peak in I(¢)

— tox = pulse zero-crossing time (= ¢, of the original PE)
— v = initial rise power of the original PE

— H(t) = Heaviside unit step function

— N(v) = normalisation constant

v—1
Ny = o2 [ 2 12
(U) =V V1/2—1 eXp( v )
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Prerequisites: exciting pulses

Time differentiated power exponential pulse (6,PE)
I(t) =50 (s)

5 stoxl' (V) exp(v)
I(S) — {peak tox N(V) (8 tox + V)l/-l—].

where:
— I' = Euler gamma function

5 Fourier

I(t) L iGw) € s=jw=j2rf, withw e R, f €R

for RG(S) > —I//tox
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Prerequisites: exciting pulses

Time differentiated power exponential pulse (6,PE)
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Prerequisites: exciting pulses

Time differentiated power exponential pulse (6,PE)
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Prerequisites: exciting pulses

Power exponential modulated — sinc-cosine pulse
* Normalised, unipolar, power exponential
Ipg(t) = Iy (t/t.) exp [-v (t/t, — 1) H(t)
where:
— Iy = pulse amplitude
— ¢, > 0= pulse rise time
» Sinc-cosine function
G(t) = sinc[B(t — tg)] cos 27 f(t — tp)]
where:
— to = arbitrary delay
— B = (prescribed) bandwidth B = f,, — fi, with0 < fi < fu
— fo = centre frequency f. = (fi+ fun)/2
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Prerequisites: exciting pulses

Power exponential modulated — sinc-cosine pulse
* Normalised, unipolar, power exponential
Ipp(t) = Io (t/t,)" exp [~ v (t/t. — 1)] H(t)

where:

— Iy = pulse amplitude

— ¢, > 0= pulse rise time
e Sinc-cosine function

G(t) = sinc[B(t — to)] cos [2m f.(t — tp)]

where:
. non-causal
— to = arbitrary delay

— B = (prescribed) bandwidth B = f;, — f1, with 0 < fi < fi,
— fo = centre frequency f. = (fi+ fu)/2
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Prerequisites: exciting pulses

Power exponential modulated — sinc-cosine pulse
e Normalised, unipolar, power exponential
Ipp(t) = Io (t/t,)" exp [~ v (t/t. — 1)] H(t)
where: _I
— Iy = pulse amplitude
— ¢, > 0= pulse rise time
e Sinc-cosine function
G(t) = sinc[B(t — to)] cos [2m f.(t — tp)]
i
— to = arbitrary delay
— B = (prescribed) bandwidth B = f,, — fi, with0 < fi < fu
— fo = centre frequency f. = (fi+ fun)/2
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Prerequisites: exciting pulses

Power exponential modulated — sinc-cosine pulse
e Normalised, unipolar, power exponential (envelope)
Ipp(t) = Io (t/t,)" exp [~ v (t/t. — 1)] H(t)
where: _I
— Iy = pulse amplitude
— ¢, > 0= pulse rise time
e Sinc-cosine function (carrier)
G(t) = sinc[B(t — tg)] cos 27 f.(t — to)]
i
— to = arbitrary delay
— B = (prescribed) bandwidth B = f,, — fi, with0 < fi < fu
— fo = centre frequency f. = (fi+ fun)/2
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Prerequisites: exciting pulses

Power exponential modulated — sinc-cosine pulse
e By taking ¢y = ¢,

C_,

I(t) = Iy (t/t,)" sinc [B(t — t,)] cos 2w fo(t — t.)] exp [—v (t/t, — 1)] H(t)

e Choices:
—v=1,23,...
-~ B>t as
t, = Ko /B, with Ko = 1,2,3, ...
e . N .
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Prerequisites: exciting pulses

Power exponential modulated — sinc-cosine pulse

I(t) ~5 F (jw)

C_,

. I P
) = = |Fen(ien Gum]
Tr
exp(—jwty)
— I, Z (w — whyw — W) + I (w + wy,w + wy)]
A7 B
where:

— %) = frequency convolution
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Prerequisites: exciting pulses

Power exponential modulated — sinc-cosine pulse

I(t) ~5 F (jw)

we )
T (nwr) = [ [expliu/t) Plio)] dof

exp(jw't;)
itew! + )"t

o (ot [ 529D ) 3 frim) eotera 1}

rj

we
= Iyt, '(v+1) exp(zx)/ ( dw’

With o; = jt,w; +v and o = jt,ws + v
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Prerequisites: exciting pulses

Power exponential modulated — sinc-cosine pulse
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0.4 —
S -1of
w 020 %
g _E
= o St
= ool =
o
04 (\5 CPOF e
0.6 =——PE-sinc-cosinepulse | §§
. ——sinc-cosine part 251 : ‘ : :
—0.8+ e ] : : :
- PE pulse ‘ g fil fe ‘ S AR e
1t | I L E _ i I 1 i 1
0 0.5 1 1.5 2 300 0.25 0.5 0.75 ) 1 1.25 1.5
t/t, Il
. v o A
3 . o .
TUDelft Wireless digital information transfer 20



Prerequisites: radiated field

T

4| X |3

H'(X,t) = {@%F{IT(#H@@IT@’) roir XL |821T( )}

where:
—t' =t — | X|/co = wave travel time retarded, time coordinate
- O®%F = near-field radiated field directional characteristic

O (147, E) =3 (Bvir) E —iyr

-0t = far-field radiated field directional characteristic

O (i y1,8) = (Brigr) E —iyr

e
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Prerequisites: received signal

EM reciprocity theorem of the time-convolution type
E » Thévenin circuit generator voltage in £"

G / __,quTA NF T X 0.1
V (X,t)— 47T‘X|3 {@ (ZAT,ZAR,I—I)[atI ( ) co a I ( )
2
_I_@FF(@ATJZAR,\—I)‘f| aSIT( )}
0
where:

— ©NF = near-field directional characteristic
@NF(Z.AT, iAR’ E) — 3 (E’iAT) (E‘@AR) - ?:AT.?:AR
— OFY = far-field directional characteristic

O (i 41,0 4r, B) = (Briqr) (Evign) — 410045

e
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Loop-to-loop transter

Investigated canonical configurations

e Mutually parallel loops: A*- A" = AT AR

£T

e Directional characteristics:
(_)FF
O (4 41,4 41, B) = cos?(¥) — 1 1

Zero G
Ve(x,t)

contributions

cos(d) = +37Y2 NF 0
cos(¥) = %1 FF ™

0 10 20 30 40 50 60 70 80 90
(deg) 4
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Loop-to-loop transter

Investigated canonical configurations

 Mutually perpendicular loops: A'-A" =0

e Directional characteristics: R
O (i 41,1 45, E) = (3/2) sin(29) sin (i) -
OFF (i 41,1 4», E) = (1/2)sin(20) sin(¢p) .

zero
= {0, NF
Ve (X, ) {(P 0.7}
contributions LY = 10:7/2,7}  FF

0 10 20 30 40 5 60 70 80 90
U(deg) y
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Energy spectral density of emitted field

e International regulations on EMI:
l a) Federal Communications Commission, “First Report and Order,” April 2002.

b) National Telecommunications and Information Administration, “Manual of
regulations and procedures for federal radio frequency management,”
May 2011 Revision of the 2008 Edition, [Online] Available:
http://www.ntia.doc.gov/files/ntia/publications/manual 5 11.pdf.

c) Industry Canada, “Spectrum management and telecommunications. Radio
standards specification. Devices using ultra-wideband (UWB) technology,”
RSS-220, Issue 1, March 2009.

power spectral density

[  Pulsed field & __» energy spectral density
5
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http://www.ntia.doc.gov/files/ntia/publications/manual_5_11.pdf
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Energy spectral density of emitted field

e International regulations on EMI: far-field radiation

* For loop-to-loop transfer

{ET HT™YE t—|X | /co)
47| X |

{ELH (X t) = 1+o(1)] as | X[ — o0
where:
— H Y = far-field radiated magnetic field strength
Hb>Et) = ATQEF%(??IT@)
o
— E* = far-field radiated electric field strength
ET®(B,t) = (uo/eo) P HT™(B,t)XE

e
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Energy spectral density of emitted field

» The total energy radiated by the loop

1N2 g\ 2 o
pred _ (-) (—) / a0 f T (E )2t
4m €0 = t=—00

Parseval’s theorem

o

Wrad:/__ wrad(f)dfzsz wrad(f)df

=0
where:
— w4 = energy spectral density

1 ’ Mo 1/2 ~ T:00 5
w(f) = (4—) (—) f H (B, 27 f)2dQ
n €0 =c)
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Energy spectral density of emitted field

» The total energy radiated by the loop
rad - 8m (AT ’ Ho 12 1 > 2 2
w0 =5 () (5) 7, v’

* The energy spectral density

4 12 4|7 NP
waad(f) ATy (’j@o) %f fT(W)J
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Numerical experiments

-

Loop-to-loop transfer

—
e Loops: !
—_ AT —_ AR —_ 0.0314 mm2 _
— for circular loops d =0.2mm L

(©)

K.K. O, et al. “"On-chip antennas in
Silicon ICs and their application,” JEEE

: . Trans. Electron Devices, vol. 57, no. 1,
* Feeding pulse: pp. 1312-1321, July 2005,

—pulse type: monocycle
—peak current: I,c..= 1 mA
—pulse zero-crossing time: to, = ¢, = 0.1 ns

A

e
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Numerical experiments

Loop-to-loop transfer

— intricate behaviour
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Numerical experiments

Loop-to-loop transfer

| — strong NF signal + low FF signal
— intricate behaviour
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Numerical experiments

Loop-to-loop transfer

Practical implications:
* Highly idealised conditions

e Pulsed field loop-to-loop transfer & _» large potential to
establish a viable intra-chip link

e Large NF/FF ratio & _» low EM contamination

e Already hint at the intricacy of the signal transfer & »
impact on the complexity of the signal processing

e . N .
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Numerical experiments

Energy spectral density analysis

e Transmitting loop:
—same

* Feeding pulse:
—Power exponential modulated — sinc-cosine pulse
—Parameters: K..=13, v =3, f; =3.1 GHz, f,= 10.4 GHz,
B =7.1 GHz, f.=6.85 GHz

e Reference behaviour: the FCC mask 3.1-10.6 GHz
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Numerical experiments

Energy spectral density analysis

*Practical implications:

l | | - Full compliance to the FCC mask
el L7 || - Design strategy: determine f, for
S Y S this pulse signature
5 | » || = Verify the system functionality

0 1 2 3 4 5 6 7 8 9 10 11

GHz
f(GHz) p
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Conclusions

e Pulsed transfer:
—clear theoretical description
—clear design rules
—opportune system properties

» Pulsed-field wireless transfer has the potential of
becoming the enabler of future digital data transfer
technologies

e
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Thank you

e
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