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t. RF 
ir
uits and systems are gaining importan
e be
ause we are movingfurther into a so
iety where information is very important and should be availableany time and anywhere. In this paper we give an overview of RF 
ir
uit simula-tion with an emphasis on noise simulation whi
h is important fun
tionality for RFdesigners. Due to the high frequen
y signals, the standard 
ir
uit formulation us-ing Kir
hho� and lumped elements is not suÆ
ient anymore to a

urately predi
tthe behaviour of a design and Maxwell's equations should be used. We give sev-eral approximations of Maxwell's equations and s
enarios how the results 
an bein
orporated in RF 
ir
uit simulation.1 Introdu
tionHigh frequen
y appli
ations are be
oming in
reasingly important. This is
aused by the fa
t that we are moving further into the information so
i-ety where (digital) information is be
oming very important. The �rst 
on-sequen
e is that large amounts of data should be transported, routed andpro
essed at very high speeds. As an example, a swit
hing array for opti
aldata transmission may route 20 input signals ea
h at 10 Gbit/s to one ormany spe
i�ed outputs. These swit
hing arrays are still mainly implementedin sili
on (or GaAs) and although we are dealing with digital 
ir
uits, thehigh frequen
y issues in this kind of 
ir
uits are analogue in nature and theyhave to be treated and analysed from an analogue viewpoint.A se
ond 
onsequen
e of the in
reasing importan
e of information is the no-tion that this information should be available any time and anywhere. There-fore there is a tremendous in
rease in wireless networks that allow 
exiblea

ess to a wide variety of information. The in
rease in fun
tionality of, forexample, 
ell phones leads to larger amounts of data to be ex
hanged. Thesame holds for the emerging in-home wireless digital networks.Wireless transmission in general uses high frequen
y (RF) 
arriers usuallyin the range of 1-10 GHz. RF 
ir
uits are analogue 
ir
uits and should betreated as su
h.Finally, many high frequen
y designs are aimed at a 
onsumer market. Thishas severe 
onsequen
es for the design pro
ess: where in the past there wastime to build and measure several prototypes, nowadays the demands on



2 Tom Kevenaar et al.time-to-market, time-to-quality, pri
e, produ
tion volume and produ
tionyield, et
. are very severe. Furthermore, the in
reasing 
omplexity and thede
reasing size of these systems makes measuring extremely diÆ
ult and time
onsuming.Therefore designers must be provided with analogue design environments thathelp them to design as qui
kly as possible a working 
ir
uit at �rst sili
on.At the heart of these environments are the simulators. In order to predi
t thebehaviour of a design as a

urately as possible they should be provided witha

urate models, not only of the non-linear 
omponents su
h as transistorsbut also of the physi
al stru
tures whi
h are part of the design.In this paper we will give an overview of RF 
ir
uit simulation. First we willdes
ribe two main 
hara
teristi
s of RF 
ir
uits and RF designs. Next wewill look in more detail at an approa
h to RF simulation that is be
omingin
reasingly popular. This is followed by an explanation on why and how thephysi
al implementation is in
orporated in RF 
ir
uit simulation.2 Chara
teristi
s of RF 
ir
uitsClearly the most obvious 
hara
teristi
 of RF 
ir
uits is that they workat high frequen
ies. A 
onsequen
e is that one has to use Maxwell's equa-tions rather than Kir
hho�'s equations and lumped models. Although 
learlyKir
hho�'s equations 
an be used without problems up to a 
ertain frequen-
ies, at RF frequen
ies they no longer a

urately predi
t the behaviour ofa design. The physi
al stru
tures required to implement a design, su
h astra
ks on an IC, 
onne
tors, et
., begin to play an important role in the to-tal behaviour of the design. Sin
e these stru
tures in general do not havea regular shape, one has to resort to numeri
al methods to solve Maxwell'sequations and somehow in
orporate the results in a simulation.A se
ond 
hara
teristi
 is that RF signals have a broad but sparse spe
trum[10℄ with a dynami
 range of more than 60dB (106). The weakest signalsmight be almost lost in noise while the strongest signals will introdu
e allkind of spurious intermodulation 
omponents due to non-linearities whi
hare always present in a 
ir
uit. Noise and non-linear distortion translate tobit-error-rate in the transmitted data. Consequently, it is important thatdesigners 
an predi
t the overall noise and distortion qui
kly and a

urately.3 RF 
ir
uit simulation3.1 Overview of RF building blo
ks and spe
i�
ationsAlthough RF systems 
an be quite 
ompli
ated, they are typi
ally built froma limited number of building blo
ks. When dis
ussing RF simulation te
h-niques it is important to �rst determine the spe
ial properties and 
hara
-teristi
s of ea
h building blo
k and the information that should be obtained
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 Modelling 3in a simulation. The most important blo
ks are mixers (whi
h perform afrequen
y shift of the input signal, but also add non-linear intermodulationprodu
ts and noise), ampli�ers and �lters (whi
h distort the signal and addnoise to it; power ampli�ers may be strongly non-linear), dividers (stronglynon-linear; modify a frequen
y referen
e signal), os
illators (generate a sig-nal that serves as a frequen
y referen
e, often of very high a

ura
y; areautonomous 
ir
uits). In all 
ases non-linearity and noise are important is-sues. In the 
ase of os
illators noise present in the 
ir
uit manifests itself asphase noise.In the following se
tion we will explain why and how these properties arespe
i�ed.3.2 RF spe
i�
ationsIn RF 
ir
uits the non-linearities are of 
ourse no di�erent from non-linearitiesin other analog 
ir
uits. However they are usually expressed as inter
eptpoints like IP2 and IP3. The term 'inter
ept' originates from a graphi
al
onstru
tion whi
h 
an be used to determine IP2 and IP3. The numbers '2'and '3' refer to the order of the intermodulation produ
t whi
h they de-�ne. Clearly, these spe
i�
ations should be determined using a full-nonlineartransient-like or harmoni
 balan
e-like simulation after whi
h the result 
anbe post-pro
essed to yield the IP numbers.More interesting is the noise in RF 
ir
uits. Noise 
onsists of (usually) smallunwanted signals in the 
ir
uit and originates in the devi
es that make upthe 
ir
uit. For input/output 
ir
uits, a designer is usually interested in howmu
h noise will be present or added in a 
ertain, relatively narrow, frequen
yband of interest (FBOI). It will be the task of the simulator to a

urately de-termine what the �nal noise spe
trum in the FBOI looks like. A spe
ial thingin RF 
ir
uits is that spe
tra of input and noise signals are shifted around inthe frequen
y band due to wanted (e.g. mixers) and unwanted non-linearitiesin 
ombination with large signals. These signals 
an be internal to the 
ir
uitor be part of the input signal. Due to this noise folding, the noise in the FBOImight originate at 
ompletely di�erent frequen
ies. The simulator must beable to handle noise folding.Where in input/output 
ir
uits a designer is usually interested in the noisespe
trum in a 
ertain FBOI, when designing os
illators he is interested in thephase noise. As mentioned, an os
illator generates a frequen
y referen
e inthe form of a periodi
 signal. Noise in the 
ir
uit 
auses the output signal tobe
ome noisy too. It is very important to noti
e that the noise might 
hangethe frequen
y of the output signal. This has severe 
onsequen
es for simula-tion algorithms: noise is usually seen as a small perturbation on the noiselesssolution whi
h means that we 
an linearise the 
ir
uit. With os
illators thisis no longer true as will be explained in the next Se
tion.
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 RF simulation methodsNow that we have illustrated some important properties of RF 
ir
uits andsignals it 
an be seen that 
onventional simulation methods like AC andtransient simulation are not suÆ
ient for simulating noise in RF 
ir
uits.AC simulation is fast but does not in
orporate non-linearities nor frequen
yfolding. Transient analysis 
ould be used to simulate frequen
y folding butthis would lead to prohibitively long simulation times if we want to obtaina

urate information in the frequen
y domain. This is the reason why spe
ialRF simulation algorithms were developed.The obje
tive of RF 
ir
uit simulation is to obtain solutions for the net-work variables (the voltages, 
urrents, 
harges and 
uxes) in the 
ir
uit andto study the e�e
ts due to noise. All the newly developed RF simulationmethods somehow use the Periodi
 Steady-State solution (PSS) as a start-ing point. Con
eptually, the PSS solution 
an be seen as a generalisation ofthe DC solution: where the DC solution des
ribes the voltages and 
urrentsafter in�nite time in a 
ir
uit 
ontaining only DC sour
es, the PSS solutiondes
ribes the voltages and 
urrents after in�nite time in a 
ir
uit 
ontainingonly periodi
 sour
es (whi
h in
lude DC sour
es). As with the DC solution,the PSS solution is useful in its own right but it is also used as a basis forother analyses (for example, periodi
 AC and periodi
 noise). This presentsa basi
 two-step approa
h:{ Firstly a (noiseless) PSS solution is determined whi
h deals with thenon-linearities in the 
ir
uit [2,3,7,8,10,13,14,17{19℄,{ Se
ondly, a perturbation analysis is done around the PSS solution toanalyse noise in
luding frequen
y shifts [1,4{6,16℄.It is important to noti
e that the PSS algorithms make a distin
tion betweenfor
ed and os
illatory problems. In the former the period of the solution isknown beforehand while in the latter, determining the (exa
t) period is partof the problem. In general the os
illatory problems are more diÆ
ult to solve[7,12,15℄. Also the solution of perturbed os
illatory problems may not beperiodi
 at all.The noiseless PSS problems are de�ned as �nding a solution x(t) for systemsof DAEs of the form� ddtq(t;x) + j(t;x) = 0 2 RNx(0) = x(T ) or � ddtq(x) + j(x) = 0 2 RNx(0) = x(T ) (1)where T > 0 is the period of the solution; x 
ontains the node voltages and
urrents through voltage sour
es and through indu
tors; q des
ribes the 
a-pa
itor 
harges as well as 
uxes through indu
tors; j des
ribes 
urrents, orvoltages di�eren
es, as well as e�e
ts of sour
es. The expli
it dependen
e ont, in the equations at the left, denotes that periodi
 sour
es are present in the
ir
uit (for
ed problems) and therefore the period T is known before hand.With os
illators (the autonomous equations at the right) this is not the 
ase
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 Modelling 5and the period T should be solved together with x(t).The PSS solution 
an be obtained in the frequen
y domain by determin-ing its Fourier 
oeÆ
ients by a Harmoni
 Balan
e approa
h. This has theadvantage that one 
an easily deal with 
ir
uit 
omponents that are 
hara
-terised in the frequen
y domain whi
h is not un
ommon in RF appli
ations.The time domain methods more easily deal with strong non-linearities inthe 
ir
uit and have good 
onvergen
e properties. Of these methods we men-tion Poin
ar�e-map based methods, where in
rease in speed is obtained byapplying ve
tor a

eleration methods su
h as Minimal Polynomial Extrapo-lation. Typi
al points of attention are: restarting at 
onsistent solutions (i.e.satisfying the DAE-manifold), as well as dealing with multiple os
illation fre-quen
ies. Alternative methods are provided by (multiple) shooting methods,or by applying a �nite di�eren
e method. All methods 
an be enhan
ed todeal with os
illatory systems in whi
h T is an additional unknown (and agauge equation is added to the system).The PSS-solution is useful to, for example, determine the non-linearity of the
ir
uit su
h as IP2, IP3 et
. (see Se
tion 3.2). For studying e�e
ts due tonoise, the PSS solution is a �rst step in RF noise analysis in the two-stepapproa
h des
ribed before. An important e�e
t of noise in RF 
ir
uits (seealso Se
tion 3.2) is noise folding: noise 
omponents are moved around thefrequen
y band when they intera
t with other signals in the 
ir
uit. We nowillustrate how a two-step approa
h based on a PSS solution is 
apable of re-produ
ing this e�e
t.Assume that we determined the (for
ed) PSS solution xPSS(t) for (1). Toin
orporate noise we add a perturbation term n(t) and getddtq(t;x) + j(t;x) + n(t) = 0 2 RN: (2)A natural approa
h would be to assume that a small n(t) also introdu
es asmall deviation to the large signal solution xPSS(t) and to linearise (2) by
hoosing x(t) = xPSS(t) + xn(t) and we �nd the following system for xn(t):ddt (C(t)xn) +G(t)xn + n(t) = 0 2 RN; (3)C(t) = �q(t;x)�x xPSS ; G(t) = �j(t;x)�x xPSS : (4)It turns out that for for
ed systems this is a good approa
h be
ause the pe-riod T of the solution is 
ompletely determined by the input sour
es, andthe homogenous problem only has the trivial solution. If we 
onsider a typ-i
al Fourier 
omponent of the noise sour
e, n(t) = Uej�t, one may 
onsideryn(t) = e�j�txn(t) that satis�es a T -periodi
 system of equationsddt (C(t)yn) + [G(t) + j�C(t)℄yn +U = 0 2 RN (5)
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h is parametrized by �). It is 
lear that, for a single input frequen
y�, the solution xn(t) 
ontains frequen
ies of the form (� + !k) (in whi
h!k = 2�k=T ), i.e. frequen
y folding o

urs. If we allow for several inputfrequen
ies �i, we 
an also say that a 
ertain output frequen
y might originatefrom a large number of possible input frequen
ies. Hen
e, noise 
omponentsat a 
ertain frequen
y might end up in a di�erent frequen
y band. This iswhy, for example, 1=f noise whi
h has its main energy at low frequen
ies,still plays an important role in RF 
ir
uits.It is important to note that we des
ribed a linear perturbation analysis andwe will not �nd 
ontributions 
ontaining for example (�1 + �2 + !k), (�1 +2�2 + !k) et
. This assumption is in general not a severe limitation whensimulating noise in RF 
ir
uits.When dealing with perturbed os
illatory systemsddtq(x) + j(x) + n(t) = 0 2 RN (6)it is no longer possible to assume that small perturbations n(t) lead to smalldeviations in xPSS(t) [An instru
tive example is provided by 
onsideringy0(t) + 
os(t)y(t) � 1 = 0, of whi
h the inhomogeneous solution is not peri-odi
 at all; however, note that y(t+2�) still satis�es the di�erential equation℄.The main reason is that the period of the large signal solution is in
uen
edby n(t). This 
an lead to large (momentary) frequen
y deviations su
h thatthe di�eren
e between the noiseless and noisy solution 
an no longer be 
on-sidered to be small.In [5℄ a solution is given to deal with this problem by introdu
ing an extraterm whi
h des
ribes the frequen
y (or phase) shift of the solution due ton(t). Hen
e, rather than assuming x(t) = xPSS(t) + xn(t) as a solution for(6), we now assume x(t) = xPSS(t+�(t))+xn(t), where �(t) is a non-trivials
alar fun
tion that has to be determined as part of the solution pro
ess andleads to the phase noise of the system. xn represents the orbital deviation.In order to arrive at an expression for the phase- or time-shift fun
tion �(t)(assumed to be suÆ
iently smooth), we de�ne s = t + �(t) and y(t) �xPSS(s) = xPSS(t+ �(t)). We observe that y(t) satis�esddtq(y) + j(y) = C(t+ �(t))u1(t+ �(t))�0(t); (7)in whi
h u1(t) = x0PSS(t), being the tangent to the orbit. Clearly y(t) itselfsatis�es a perturbed di�erential equation. We note that u1(t) satis�es thehomogeneous part of (6), linearised around the noiseless PSS solutionddt (C(t)x) +G(t)x = 0 2 RN; (8)withC(t) andG(t) as de�ned in (4). It follows from Floquet theory [5,11℄ that(8) has N independent solutions (in whi
h u1 
oin
ides with our previously
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ed one) u1(t)e�1t; : : : ;um(t)e�mt;um+1(t); : : : ;uN(t). In 
ase of astable index 1 problem we 
an assume �1 = 0 and Re(�i) < 0 for i � 2.The adjoint system of (8)CT (t) ddt (y)�GT (t)y = 0: (9)has similar properties: v1(t)e��1t; : : : , vm(t)e��mt;vm+1(t); : : : ;vN (t) areN independent solutions. It should be noted that the ve
tors vi(t) and uj(t)satisfy a spe
ial bi-orthogonality relation with respe
t to C(t) and G(t),namely V(t)C(t)U(t) = � Im 00 0� ; V(t)G(t)U(t) = �J1m 0J2m J3m� : (10)In appli
ations, the noise (perturbation) term n(t) in (6) has the form n(t) =B(x(t))b(t). It seems natural to de
ompose B(xPSS(t+ �(t)))b(t) into 
om-ponents along a basis of whi
h one basi
 fun
tion is C(t+ �(t))u1(t+ �(t))(see (7)). By multiplying (7) and B(x(t + �(t)))b(t) by vT1 (t), the 
ru
ialbi-orthogonality implies a non-linear, s
alar, di�erential equation for �(t)�0(t) = �vT1 (t+ �(t))B(xPSS(t+ �(t)))b(t); �(0) = 0 (11)from whi
h �(t) 
an be determined [The same bi-orthogonality also providesan elegant way to determine v1(t), on
e u1(t) is known℄. Note that if b(t) = 0,for t � t0, then � be
omes a 
onstant phase shift, and the phase shiftedfun
tion y(t) solves (6) exa
tly for t � t0. In general, even for small b, thephase shift fun
tion �(t) may in
rease with time. Be
ause (11) is non-linear,phase shifts from individual sour
es do not add up to give a group phaseshift.In the above we assumed deterministi
 disturban
es pres
ribed by the timefun
tion b(t). In noise analysis, however, the noise is usually not des
ribedby time fun
tions but by statisti
al properties su
h as mean and standarddeviation. In [5,6℄ the (stationary) auto
orrelation of y(t) is studied more
losely (here the � denotes 
omplex 
onjugation). One derives (assuming real�(t) and Xj being the j-th Fourier 
oeÆ
ient of xPSS(t))Ry(�) � limt!1E[y(t)y�(t+ �)℄ = 1Xj=�1XjX�je�i!j�Rj(�)with a 
orresponding relation between the spe
tral densitiesS~xPSS (!) = 1Xj=�1XjX�jSj(! + !j); where Z 1�1XjX�jSj(2�f + !j)df = XjX�jThe interesting point is that the above formulas do not require the expli
itevaluation of �(t)! `Only' the varian
e �2(�) of �(t) is met, whi
h 
an be



8 Tom Kevenaar et al.related to the �2 of the individual sour
e. This allows for deriving approxi-mating expressions for Sj(!), and also gives way to summing eÆ
iently forgetting group 
ontributions.In this se
tion we summarised RF noise algorithms based on a two-step ap-proa
h: a PSS analysis followed by a linear (for for
ed systems) or non-linear(os
illatory systems) perturbation analysis. Apart from a

urate simulationalgorithms, a 
ir
uit simulator needs a

urate models. On the one hand thereare the models of the non-linear 
omponents su
h as bipolar transistors, MOStransistors, et
. Although these models are very important they are outsidethe s
ope of this paper. On the other hand, for a

urate RF simulation wealso require models of physi
al stru
tures whi
h are somehow generated bysolving Maxwell's equations. This will be the topi
 of the following se
tion.4 Ele
tromagneti
 modelling for 
ir
uit simulation4.1 Con
ept of lumped elementsIn the previous se
tions we des
ribed 
ir
uit analysis that is based on Kir
h-ho�'s voltage and 
urrent law or KVL and KCL, respe
tively. However,Maxwell's equations are more fundamental and the ele
tromagneti
 (EM)�eld is the foundation of 
ir
uit theory and ele
troni
 modelling and simu-lation. In pra
ti
e, a 
omplete ele
tromagneti
 model of an ele
troni
 
ir
uitis expensive to 
reate and analyse and fortunately, ele
troni
 
ir
uit theoryhas shown how to approximate many pra
ti
al 
ir
uits by lumped elementmodels: the energy-storage elements, (indu
tors and 
apa
itors), and the dis-sipative elements (resistors) are 
onne
ted to ea
h-other and to sour
es or a
-tive elements within the 
ir
uit by 
ondu
ting paths of negligible impedan
e.So apparently, the distributed e�e
ts, inherent to the solution of Maxwell'sequations, in many real 
ir
uits 
an be represented by a few properly 
ho-sen lumped 
oupling elements. Cir
uit simulation is based on this 
on
eptof lumped elements, whi
h ignores the ele
tromagneti
 intera
tion that ispresent within and between the physi
al 
ir
uit 
omponents and inter
on-ne
tions.A �rst level of re�nement to the lumped approa
h is to model the real phys-i
al inter
onne
tions (be it on-
hip, in an IC pa
kage, a hybrid module oron a PCB) by means of lumped parasiti
 elements des
ribing the 
ondu
torresistan
e and the 
apa
itive and indu
tive 
oupling between the 
ondu
tors.The ideal (lumped) 
ir
uit is extended with this parasiti
 network and 
anthen be treated by the same network analysis and simulation tools. This ap-proa
h 
an be used when the individual elements and the total 
ir
uit aresmall 
ompared to the wavelength of the signals (quasi-stati
 approa
h) [22℄.For stru
tures 
omparable in size to the wavelength there are two e�e
tswhi
h will play a role whi
h 
an not be taken into a

ount using this ap-proa
h: distributed e�e
ts (
ompared to lumped) and retardation e�e
ts fromone part of the 
ir
uit to another.
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 Modelling 9Firstly, we 
onsider the distributed e�e
ts. In general the lumped represen-tation of an element is valid if the region it o

upies is small 
ompared tothe wavelength and when only one type of energy storage, either ele
tri
 ormagneti
 is important in that region. If the ele
tri
 energy storage in parts ofa primarily indu
tive element, or magneti
 energy in a primarily 
apa
itiveelement, be
omes important, the approa
h through 
lassi
 
ir
uit theory isto divide ea
h element into sub-elements that 
an be treated as one or theother. A good example is the 
apa
itive 
oupling between the turns of anindu
tor, whi
h in a �rst approximation 
an be represented by adding a 
a-pa
itive element a
ross the terminals of the indu
tor. A further improvementis to add 
apa
itive elements between ea
h pair of adja
ent turns.Se
ondly, retardation e�e
ts, arising from the �nite propagation time of ele
-tromagneti
 e�e
ts a
ross the 
ir
uit, 
an 
ause phase delays in the 
ir
uit. Ifthere is an in-phase 
omponent of the indu
ed ele
tri
 �eld (due to 
hangingmagneti
 �elds) and magneti
 �eld (due to the 
urrent), this represents an en-ergy transfer, whi
h is in fa
t the radiated energy. Another phenomenon that
annot easily be modelled with lumped parasiti
 elements is the presen
e offrequen
y dependent inhomogeneous 
urrent distributions in non-ideal 
on-du
tors, e.g. due to skin e�e
t.Ele
tromagneti
 simulation is aimed at over
oming the limitations of thelumped element and lumped parasiti
s approa
h. Ele
tromagneti
 simula-tors build an a

urate spatial model of the physi
al stru
tures of the 
ir
uit.The spatial model is a

ompanied by the material properties of the stru
turalelements: 
ondu
tivity, permittivity and permeability. In order to in
orporateEM e�e
t in 
ir
uit simulation, ports (or pins) are atta
hed to the physi
alstru
ture, denoting the lo
ations where e.g. lumped models of 
omponentsor modules are to be atta
hed. In many EM simulators, some approximationof Maxwell's equations is solved. Therefore, in the following se
tion we willexplain some often used approximations.4.2 Maxwell's equations and the Kir
hho� approximationMaxwell's equations des
ribe the ele
tromagneti
 �eld and are given by:r�E = ��B�t ; (Faraday's law) (12)r�H = J+ �D�t ; (Amp�ere's law) (13)r �B = 0; (14)r �D = �; (Gauss' law) (15)B = �H; D = �E; (
onstitutive relations) (16)J = �E; (Ohm's law): (17)Here E and H are the ele
tri
 and magneti
 �eld, B and D are the mag-neti
 and ele
tri
 
ux densities, J and � are the 
urrent and 
harge density,



10 Tom Kevenaar et al.and �, � and � are the material parameters permeability, permittivity and
ondu
tivity, respe
tively. We 
an derive several approximations:1. Assuming DC 
onditions (�=�t = 0) and taking the divergen
e of (13)we get r � J = 0, and with Gauss' theorem over a 
losed surfa
e SyV r � JdV ={S J � dS = 0: (18)Sin
e the only 
urrent 
owing out of the surfa
e is in the wires, this givesKir
hho�'s 
urrent law (KCL), whi
h simply states that the algebrai
sum of 
urrents 
owing out of a 
ir
uit jun
tion is zero.From Faraday's law, we 
an introdu
e the potential (voltage) V a

ordingto E = �rV and with Stoke's theorem over a 
losed loop l we get:xA r�E � dA = IlE � dl = 0: (19)This gives Kir
hho�'s voltage law (KVL), whi
h states that for any 
losedloop of a 
ir
uit, the algebrai
 sum of the voltages for the individualbran
hes of the loop is zero. These two laws provide the basis for 
lassi
al
ir
uit theory.2. If we only negle
t the displa
ement 
urrent �D=�t in (13) we get thequasi-stati
 approa
h. We still obtain the KCL by taking the divergen
eof (13). From (14) we 
an write B = r�A, whereA is a magneti
 ve
torpotential. When we substitute this in (12), we getr� (E+ �A�t ) = 0 = �r�rV; (20)whi
h means that in this 
ase we 
an also de�ne a s
alar ele
tri
 potentialV by: E = �rV � �A�t ; (21)where V ful�ls the KVL. Taking the rotation of (12) and substituting(13) and taking the rotation of (13), we get the equations for E and H:�E = ��E�t = ���J�t ; (22)�H = �r� J;where � = r2: (23)This gives the typi
al eddy 
urrent solutions with skin depth Æ = 1=p��f�inside 
ondu
tors with 
ondu
tivity �. Currents will run on the edge ofthe 
ondu
tor within a depth Æ and �elds 
annot penetrate any deeperin the 
ondu
tor than this skin depth. This approa
h is required for fre-quen
ies ! > 1=��r2 where r is the thi
kness of the inter
onne
t. For
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ies high enough so that the 
urrent distribution is not uniformanymore (inter
onne
t is thi
k 
ompared to the skin depth), the resistan
eand internal rea
tan
e will be
ome frequen
y dependent, sin
e they willbe determined by the skin depth. This approximation 
an also be seenas in�nite wavelength approximation of the wave equation solution andis appli
able when the wavelength is mu
h larger than the dimension dof the problem: � > d or frequen
ies ! << 
=d, the so-
alled quasi-stati
approa
h. For higher frequen
ies, radiation losses be
ome important andthis is not taken into a

ount by the quasi-stati
 approa
h.3. Clearly it is also possible to solve Maxwell's equations 
ompletely withoutany approximations whi
h leads to the Helmholtz wave equations:�E� 1
2 �2E�t2 = ��J�t +r�� ; �H+ 1
2 �2H�t2 = �r� J (24)The solution of this set of equations is 
alled the full-wave solution.A

ording to the analysis above, ele
tromagneti
 simulation tools may be
hara
terised as either quasi-stati
 or full-wave. Quasi-stati
 simulators only
onsider free 
harges and 
urrents on ele
tri
al 
ondu
tors. By 
ontrast, full-wave simulators a

ount for the propagation of ele
tromagneti
 waves in freespa
e and diele
tri
 materials. Radiation losses are not naturally in
orpo-rated in the quasi-stati
 model and radiated ele
tromagneti
 �elds 
an onlybe approximated by post-pro
essing on the 
al
ulated 
harges and 
urrents.These phenomena are naturally in
orporated in full-wave tools. A 
ommonproblem in full-wave ele
tromagneti
 simulation tools is their 
omputational
omplexity: be
ause of the very �ne spatial dis
retisation, the size of themathemati
al equations that have to be solved is enormous. Redu
ed ordermodelling (ROM), the 
onstru
tion of a simpli�ed system to approximate theoriginal system with reasonable a

ura
y, will be ne
essary to 
ope with this[23{25℄. Also for large quasi-stati
 problems, ROM will be ne
essary.4.3 Ele
tromagneti
 simulation tools for RF 
ir
uitsTo assess the need for on-
hip EM simulation let us assume that RF sig-nals of interest for present-day businesses are in the frequen
y range of 1-10GHz. Digital signals may have pulse edges in the order of 100 ps. For astraight TEM transmission-line 
onsisting of ideal 
ondu
tors embedded in ahomogeneous diele
tri
 medium the propagation speed of the signal is 
=p�r,where �r � 2� 4 for state of the art RFIC pro
esses. As a result, the wave-length of the 10 GHz RF signal is of the order of 15-20 mm. Likewise, thedistan
e a digital pulse travels in 100 ps is some 15-20 mm. The die size isroughly 10 mm2. The maximum geometri
al length of digital signal lines onthe 
hip is 
omparable to the �gures shown above. On the other hand, on-
hip RF inter
onne
tions are likely to be only a fra
tion of the die size andthe largest 
omponents, spiral indu
tors, typi
ally measure only 0.2-0.5 mm
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ross. Consequently, from this perspe
tive it is unlikely that it is ne
essaryto apply full-wave ele
tromagneti
 simulation to on-
hip 
omponents and in-ter
onne
t stru
tures. Long RF inter
onne
tions will be designed as 
oplanarwave-guides or similar stru
tures and as long as the TEM propagation modeis dominant and the losses are small, the quasi-stati
 approximation probablyremains valid, even for very high frequen
ies.Nevertheless, in order to ta
kle inter
onne
t related problems Maxwell's equa-tions (quasi-stati
 and possibly full-wave) must be solved whi
h 
an be donein the frequen
y domain or in the time domain. Within the frequen
y do-main methods one assumes a harmoni
 time dependen
y, su
h that all timederivatives 
an be repla
ed by j!. Some of the most popular frequen
y do-main methods are the Finite Di�eren
e (FDM) and Finite Elements (FEM)Method, as well as the Boundary Elements Method (BEM), Method of Mo-ments (MoM) and Spe
tral Domain Analysis (SDA) [26,27℄. The �rst twomethods are di�erential equation s
hemes, the latter ones integral equations
hemes. Well-known time domain methods are the Finite Di�eren
e TimeDomain algorithm (FDTD) and the Time Domain Transmission Line Method(TDTLM).The FDM approximates the di�erential operators by �nite di�eren
es. It iseasy to implement and appli
able to general 
on�gurations, however has dif-�
ulty to handle 
urved boundaries. It may also need a large mesh volume toimplement the absorbing boundary 
onditions (ABC) for unbounded prob-lems.In the FEM, the solution domain is dis
retized into elements [28℄. Makinguse of interpolation fun
tions (shape fun
tions), ea
h element is mapped intoa basi
 standard element. The unknown �elds are lo
ally expressed in termsof the interpolation fun
tions over ea
h individual element. By applying avariational or Galerkin pro
edure, a set of algebrai
 equations, des
ribed bysparse matri
es, is obtained. The Galerkin method is in fa
t a weighted resid-ual pro
edure with trial fun
tions equal to the weighting fun
tions and is oneof the most widely used methods. This method is also the most general. It
an handle 
urved boundaries and arbitrary inhomogeneous material distri-butions. As with the FDM, one has to take 
are with ABC for unboundedproblems.When the FEM is applied to the boundary integral equations, this resultsin the BEM [29℄. However, instead of large sparse matri
es, where itera-tive solvers 
an be applied, dense matri
es are obtained, whi
h in generalare smaller. This method 
an handle arbitrary 
urved boundaries and smallmesh volumes, due to the integral equation approa
h. However, inhomoge-neous material distributions are more diÆ
ult to handle.The MoM also employs the method of weighted residuals [30℄. The methodstarts by establishing a set of trial fun
tions with one or more variables. Theresiduals are a measure of the di�eren
e between trial and true solution. Thevariable parameters are determined in a manner that guarantees a best �t ofthe trial fun
tions based on a minimisation of residuals.
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tromagneti
 Modelling 13In the SDA method, the integral equation is derived from the time-harmoni
Maxwell's equations or the Helmholtz wave equations using Green's fun
tions[31℄. In this method only the surfa
e of 
ondu
tors needs to be dis
retized,resulting in a small dense matrix equation and thus a fast s
heme. The ma-jor drawba
k is that it 
annot easily be generalised, sin
e Green's fun
tionsmay not be available for a general 
on�guration and inhomogeneous materialdistribution.For integral equation methods, the so-
alled Fast Multi-pole Methods (FMM)
an speed up the 
al
ulations and make large and 
omplex geometries 
om-putable. The main idea behind these methods is the fa
t that the e�e
t ofall points working on all points yields a method with O(N2) 
omputations,whereas if the points are well separated, one 
an 
luster the "far-away" points.This yields a method of at most O(N log(N)) [32℄.The Finite-Di�eren
e Time-Domain (FDTD) method is 
urrently one of themost popular approa
hes. As �rst proposed by Yee in 1966 [33℄, it uses thedi�erential form of Maxwell's equations. Yee used an ele
tri
 �eld (E) gridwhi
h was o�set both spatially and temporally from a magneti
 �eld (H) gridto obtain update equations that yield the present �elds throughout the 
om-putational domain in terms of the past �elds. The initial la
k of attention,in spite of the simpli
ity and elegan
e of Yee's approa
h, 
an be attributedto the high 
omputational 
ost. However, re
ently many short
omings of theoriginal FDTD method were alleviated leading to a near exponential growthin publi
ations in the past ten years [34℄.Finally, the TDTLMmethod models the spatial ele
tromagneti
 �eld in termsof a distributed transmission line network after dis
retizing the solution do-main [35℄. Basi
ally this method has the same limitations as the FDTMmethod.Unfortunately, however, most of the 
urrently available 2.5D ele
tromagneti
simulators (su
h as those based on MoM or FDTD) are only suited for rela-tively small inter
onne
t stru
tures due to large 
omputing times.4.4 Coupling EM simulators to 
ir
uit simulatorsThe purpose of our explanation on EM simulation was to in
lude the in-
uen
e of physi
al stru
tures su
h as inter
onne
t in RF 
ir
uit simulation.This means that somehow we have to 
onne
t the EM simulator, or the re-sults thereof, to the 
ir
uit simulator. In this se
tion we give some possibleapproa
hes.A possible solution would be to tightly 
ouple a 
ir
uit simulator with anEM simulator (
o-simulation). The idea is based on an iterative approa
hin the time domain and requires 
ostly 
omputations and hen
e in generalit is not an attra
tive approa
h. However, when antennas are integrated onsili
on [36℄, ele
tromagneti
 and 
ir
uit analysis must be 
ombined. By itsvery nature (
onversion of ele
tromagneti
 radiation into ele
tri
al energyand visa versa) an antenna 
annot be treated as a parasiti
 
omponent and
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o-simulation will be ne
essary.Another approa
h is to use an EM simulator as a stand-alone tool to generatea 
ompa
t model whi
h 
an be in
orporated in the 
ir
uit simulator in addi-tion to the lumped 
ir
uit 
omponents 
onne
ted to the physi
al stru
ture.This requires a robust method to 
at
h the behaviour of the EM model atthe ports. Most of the present EM simulators 
an produ
e Y- or S-parametermodels that 
an be in
orporated in a 
ir
uit simulator and they are mosteasily used in (linear or non-linear) frequen
y domain analyses su
h as ACand Harmoni
 Balan
e. For non-linear time-domain methods, su
h as PSS, weneed to re
e
t the behaviour as a system of DAEs. There are a number of pos-sible ways to 
ouple this to the simulator. One 
an generate these equationsdire
tly from the S-parameters or via a behavioural modelling step. Somesimulators 
al
ulate the impulse response of an S-parameter 
omponent bythe inverse Lapla
e transform and apply numeri
al 
onvolution during tran-sient simulation.Other tools are 
apable of 
reating an equivalent 
ir
uit model i.e. an RLCnetwork. This type of model is more versatile but more diÆ
ult to generate.The size of the model 
ould be a problem as well as its passivity (non-stable).Instead of mapping onto a real network, the model 
ould also be des
ribedin terms of the G- and C matri
es whi
h 
an be in
orporated in the 
ir
uitsimulator.Interesting work was done in 
oupling an FDTD simulator to the 
ir
uit sim-ulator where a behavioural model approa
h was used to generate a lumpedelement model [38℄.A limitation of using an EM simulator as stand-alone tool is that the a
tualEM model is never exer
ised in its 
ir
uit 
ontext, whi
h means that the 
ur-rent distribution in the physi
al stru
tures is not expli
itly known. However,some EM simulators 
an re
onstru
t the geometri
al 
urrent distribution andEM radiation from the 
urrents at the model ports and 
reate a visual rendi-tion of them. To use this feature it is ne
essary to make the 
ir
uit simulationresults available to the EM simulator [37℄.4.5 Future developmentsCurrently the most 
ommon appli
ations, where an EM simulator generatessome kind of model for the 
ir
uit simulator, are the simulation of printed
ir
uit boards and mi
ro-wave 
ir
uits. The physi
al stru
tures in these ap-pli
ations 
onsist of planar metallisation stru
tures on (almost) loss-less sub-strates. The most su

essful methods to analyze these usually large stru
-tures (e.g. 
omplete multi-layer PCBs) are based on 2.5D boundary elementanalysis. These methods produ
e either a rational approximation of the S-parameters or a redu
ed lumped element model by using a �t pro
edure(Momentum-RF, Fasterix). In 
ase of a lumped 
ir
uit model, the resulting
ir
uit is in general not passive. Redu
ed order modelling te
hniques thatguarantee stability, su
h as PVL [25℄, will need to be used.



RF Cir
uit Simulation and Ele
tromagneti
 Modelling 15For modelling physi
al stru
tures on an IC, one of the most promising solu-tions seems to be to adjust the tools and methods used for the planar stru
-tures. MoM and FDTD seem to be less favourable 
andidates for ICs, due tohigh 
omputational 
ost. In order to be able to expand the above-mentionedtools for simulation of ICs, several problems need to be solved:{ 3D e�e
ts: due to the shape of IC inter
onne
t, the e�e
ts of the side-wallshave to be taken into a

ount.{ Substrate e�e
ts: the a
tual IC inter
onne
t behaviour 
an only be 
al-
ulated when the e�e
ts of the sili
on substrate are taken into a

ount(displa
ement and indu
ed (eddy) 
urrents and 
on
omitant losses). Thesili
on substrate 
annot be approximated by an ideal 
ondu
tive plane.The resistan
e of the substrate is high, leading to dispersion and fre-quen
y dependent attenuation in signal lines and to redu
ed q-fa
torsin passive 
omponents, su
h as spiral indu
tors. A number of models toa

ount for substrate e�e
ts have already been developed but need to be
oupled to the inter
onne
t analysis tools.{ These 3D and substrate e�e
ts in
rease the 
omplexity of the problem.Therefore robust methods should be developed to redu
e the 
omplexityof the �nal model whi
h is used in the 
ir
uit simulator. The stability ofthese models should be a point of attention.Referen
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