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Abstract— In this paper we present a layout-in-loop synthesis generation and evaluation of accurate symbolic performanc
method for radio-frequency LNAs, which uses symbolic per- models (SPMs) is fast [13] and therefore is the method of our
formance models (SPMs), parameterized layout generator and .pgice We propose a method which combines parameterized
hlgh-frequency extraction technlques in the synth_e5|s_ loop. _The lavout generators. rule-based extractors. dedicate@ts
primary focus of this work is on performance estimation using Y g o ’ : '
efficient SPMs and development of technigues to include layout for on-chip inductors and interconnects and SPMs for fast
parasitics symbolically into the SPMs before the start of synthesis. performance closure during analog circuit sizing. A simila
SPMs for noise figure and distortion parameters are obtained approach was proposed by us in [10] but it is limited to linear
using repetitive and weakly nonlinear symbolic analysis and are analog circuit synthesis and the parasitic-inclusion néghes

stored as pre-compiled Element Coefficient Diagrams (ECDs). | t onlv t le-b d extract Thi t
Speedy layout generation is achieved by using parameterized &€ rélévant only to ruie-based extractors. This papeepiss

procedural layout generators and full parasitic extraction is dore @ Synthesis methodology for nonlinear RF LNA circuits along
by using multiple extractors. Quasi-static extraction is used to with techniques for the inclusion of high-frequency quasi-
obtain the critical parasitic effects of interconnects and on-chip  static layout effects into the SPMs.
inductors. The proposed methodology is used for the synthesis g ragt of the paper is organized as follows. The proposed
of Low Noise Amplifiers (LNASs). . . . . . )
method is described in Section 2 and techniques to include
|. INTRODUCTION & RELATED WORK layout effects in the SPMs in Section 3. Experimental rasult

are presented in Section 4 and conclusions in Section 5.
Circuit synthesis is the process of determining the nurakric

values for unsized circuit elements of a fixed circuit toggio I
by using a combinatorial optimization algorithm, in order t
satisfy a set of performance constraints [6]. This traddlo = The proposed RF circuit synthesis environment is shown
process when applied to radio-frequency (RF) circuits; sufi Figure 1. The Module Specification Language(MSL) sys-
fers from two significant shortcomings. First, the parasiti tem [8] is used for layout generation. This is a languagexthas
introduced in the layout phase are not considered durifgyout generation system, which produces a parameterized
optimization. As the performance of an RF circuit is extrgmelayout generator from the placement and/or routing desorip
sensitive to these parasitics, it often leads to the failfre of any circuit under consideration. The layout generataisth
the sized circuit after layout. The second drawback is tlubtained is instantiated in every synthesis iteration gishe
extremely expensive computations for performance esiimat devices sizes furnished by the optimization engine. Simig o
because of using numerical analysis solely in the synthesis instantiation step is involved the layouts are generateyl
loop. fast. The core of the optimization engine is the simulated
The problem of performance degradation due to layoatinealing algorithm.
parasitics can be alleviated by either layout-aware ordayo The layout instantiation step is followed a multi-way ex-
in-loop circuit synthesis. While layout-aware techniquéfero traction. In order to extract the high-frequency parasitic
fast timing closure, the parasitics are difficult, and ofteassociated with the interconnects as well as on-chip indsict
impossible, to estimate accurately. In layout-in-loopteesis, relevant components of the layout are passed onto a quasi-
layout generation and extraction is done within the syrishestatic extractor. In a parallel step, the parasitic capacis
loop with the hope of capturing the parasitic effects adalya associated with interconnects, on-chip inductors andop-c
Several attempts have been made to synthesize RF circgépacitors are extracted using rule-based extractorsisitra
using layout-aware and layout-in-loop techniques, butenotors and their parasitics are also extracted using ruleebas
of them consider the full extraction of circuits includiniget extractor albeit separately. This extraction step is fedld by
metallic interconnects [4], [5], [11], [12]. a netlist post-processing step where the netlist of exdact
The problem of computationally intensive numerical siraulgarasitics is sorted and compacted. A map of parasitic val-
tions can be avoided to an extent by using circuit perforreanaes which is eventually used in the evaluation of symbolic
models for estimating the behavior of a particular desigre T performance models is also generated in this step.

. PROPOSEDRF CIRCUIT SYNTHESISMETHOD



e N\

Optimization SPM | active devices (transistors) are extracted by using a rule-

Engine | | Evaluation | based methodology. The result is a netlist file which costain
the diffusion capacitances of the fingered transistors aed t
Y N - N parasitic capacitances of the intra-modular intercorméddien
Layout Numerical the intrinsic capacitance of the on-chip MiM capacitors are
Instantiation | _ Analysis extracted by the rule-based method along with the parasitic
capacitances of on-chip inductors, interconnects skeletal
- Y \ - \ poly-resistors. This produces another netlist file where th
Multi-Way Post— extracted capacitances are lumped at each node. The rule-
_Extraction ) (_Processing | based extractor used in our experimentation is the standard
MAGIC extractor.
MSL ) ( spm. ) Quasi-Static Extraction: The layout devoid of active de-
—|  System Generator | vices, MiM capacitors and poly-resistors is passed through

a quasi-static extractor. This tool extracts the resigarand
inductances of the metallic interconnects and on-chipétats

In our method symbolic performance models (SPMs) aand outputs another netlist. The extractor used here isobpart
: . ymb! P VIS) alfe \PEC software suite [3] for inductance extraction and
used to judge if the devices sizes proposed by the optirizati

) . Lo sparsification. An efficient inductance calculator, based o
engine meets the desired specifications. These models %)

re ; o .
T the  quasi-static limit which usually matches FastHenryltss
generated only once before the start of synthesis (sinultre . 9 1ally . ¥
arameterized layout generator) and are repetitivel | within a few percent accuracy is used . In this work we did not
bar: ‘ayout 9 ; P W a]ccount for skin effect in the wires, because the crossaecti
during synthesis. During the evaluation step, SPMs uselsma]
signal values for active devices and a set of non-lineari

?l}/f the wires is smaller than the skin depth at the frequencies
. ) . . nder consideration. VPE not extr h i
coeffcients. These are generated during the numericaysisal der consideratio C does not extract the capacitaince
step shown in the figure. Once the performance estimates have

the interconnects or the on-chip inductors, but this defimyje
. L L : IS Obviated by merging the extracted netlist with the restilt
been obtalngd Fhe optimization engine (.'f requwed) PreRIB o rule-based extraction described above.
new set of circuit parameter values (device sizes). Thdsesa

are again fed to the layout generator to instantiate a paysi¢. Post Processing of Extracted Netlists
layout. The process continues till the optimization altjorni
converges to a design which is near optimum and satisfies 1’;14!

. ; . t
the performance constraints. The detailed descriptioraohe
step follows.

Fig. 1. Proposed Approach

n order to be amenable to symbolic methods, the ex-
cted netlists have to be compacted, especially afterG/PE
extraction. Internally VPEC uses a program calbady to
extract the wireframe representation of the layout fronflés
version. The wireframes in essence represent the geometry
A. Layout Generation and Instantiation of a layout and are eventually used by the VPEC extractor
. ] to obtain the parasitic netlist. Each segment in the wire-
The MSL system [8] is used to generate parameterized Igyame s extracted as an Voltage-Resistance-Inductange )V
outs. MSL contains construct for hierarchical instantiatand segment. Sincexray supports three-dimensional (multilevel)
relative placement of modules and for defining paramet@rizg,ierconnect, each level is extracted separately but isected
nets for routing. When compiled an MSL program yields afhrough vertical wires (representing vias and contacts) to
executable layout generator which can be quickly elabdratginer segments. The vias and contacts are also extracted and
into a concrete layout, when concrete size information &lav appear in the final netlist. Due to the thorough extraction
able from the optimization engine. A library of parametedz tochnique used by VPEC, the number of parasitic elements
module generators, including fingered transistors, diffiéal  exiracted explode in number. Conceptually it becomes diffic
pairs, current mirrors, resistors, capacitors,inducttcs has g capture the complete set of parasitics generated in all

been developed in MSL. iterations, before the generation of SPMs. Moreover, syimbo
analysis, the cornerstone of symbolic performance modgelin
B. Multi-way Layout Extraction is incapable of handling such huge circuits. In case of the

Low Noise Amplifier shown in figure 6, the five interconnects

A multi-way layout extraction, for LNA circuits is done by are extracted as 96 VRL segments. Such a scenario makes it
strategically avoiding replication or aliasing of node amd necessary to post process the extracted parasitic netlist.
preserving the continuity of the resultant netlist [1]. Tirel The first step, is sorting the netlist. In the netlist gerettat
netlist is obtained by merging all the netlists generated Iy VPEC, the different segments of a net are spread all over
rule-based and quasi-static extractors. and are not bunched togther. For proper extraction of garasi

Rule-based Extraction: The rule-based extractor is used twvalues it is essential that the segments be sorted. The net
extract the parasitics of active devices and the capa@tsnsegments are therefore sorted according to their net &ifitis
of on-chip inductors, capacitors and interconnects. Rhist This is done by scanning the terminal nodes of each net



segment and linking it with an earlier segment. Each net tise linear interactions between the terminals of the nealin
thus stored as an acyclic graph, with vertices representieigments still need to be computed. These linear transfer
the nodes and the edges the impedance of a segment. Thigtions are obtained as described above, and modeled as
graphical representation of a net is then compacted by mgrgECDs.
circuit parasitics which are in series with each other. This The SPM resulting from the Volterra based analysis consists
entails removal of a vertex with only one edge originatingf a postprocessing function combining the components at
from it and connecting itshild vertex to itsparent vertex, appropriate frequencies of a number of in- and output volt-
while lumping the vertex's impedance with that of the childges and/or currents, which themselves are modeled using a
vertex. Due to this representation it becomes easy to genefgsierarchy of expressions containing linear transfer fiomst
the map of parasitic values used by SPMs and also to genef@®@deled using ECDs) and nonlinearity coefficients onlgt Ju
the complete compacted netlist for later simulations. as is the case with the evaluation of the ECDs these SPMs
. . depend on the topology only and need to be constructed only
D. High-Frequency Symbolic Performance Models once. The evaluation of the SPMs additionally requires nu-
Symbolic performance models (SPMs) are symbolic equaverical values for the nonlinearity coefficients, which dan
tions in terms of circuit parameters that represent theoperf obtained using either numerical postprocessing of a operat
mance metrics of an analog circuit. An SPM is built usingoint simulation, or through models. Since no accurate hode
one or more symbolic transfer functions and a symboligquations are available to us, we have opted for the nunherica
mathematical formula (performance model) which represemonlinearity calculation.
the relationship between a performance characteristic and) Symbolic Analysis and Pre-Compiled ECDEhe core
the transfer functions. In circuit synthesis, SPMs are usedl this SPM generation process $ymbolic analysis Sym-
for repetitive performance estimation during the optirti@a polic analysis is a formal technique used to obtain network
iterations. Unlike numerical simulators, analysis is not@ in  transfer functions in terms of symbolic circuit parametansl
every iteration and only evaluation of the SPMs is needets Thndependent variables like frequency [7]. In circuit syexis
results in a significant speedup of the performance estimatiit js essential that the SPMs are not approximate, require
time. At radio-frequencies the circuit is very susceptitde minimum space, are fast to evaluate and are stored in the
noise and distortion, therefore the fOIIOWing performaﬂbar- S-po|ynomia| format [13] In this paper we use Element-
acteristics are optimized: gain, noise figure and the distor Coefficient Diagrams (ECDs) to represent a symbolic transfe
parametersi D, & HDg3). The following subsections describefunction. The process of ECD-based symbolic analysis is
the process of obtaining noise figure and distortion SPMs agéscribed in [15]. In our work the ECDs are converted to
process of symbolic analysis. C++ code and then compiled. The use of pre-compiled ECDs
1) Noise Figure: The generation of Noise Figure SPMreduces the SPM evaluation time considerably. An significan
is similar to the one attempted in [14], but our approaciverage speedup (by a factor of 30), with respect to evaluati

extends this technique to the modeling of noise figure rathef ECDs stored in memory, is observed for for the transfer
than just spectral noise density. Moreover, instead ofgusifunctions of the benchmark circuit.

a DDD approach with evaluation in memory we have used
pre-compiled ECDs to represent the transfer functions. I1l. I NCLUSION OF LAYOUT EFFECTS INSPMs

2) Distortion Parameters:The symbolic formulae for dis-
tortion and intermodulation products of RF circuits are ob-
tained through a Volterra-series based method [16]. Intshor
the behavior of the nonlinear circuit elements is described
using a multi-dimensional Taylor series, which is trundate
after the 3rd order terms. While in general this truncatiamois
necessarily sufficiently accurate, for the application amg
RF circuits this poses no problems. Using the further assump
tion that higher order terms are negligible in the compatati
of lower order ones - which is also fair to assume for RF
circuits - the circuit can effectively be composed in a numbe Fig. 2. PEEC Model
of circuits, each of which models the behavior at a frequency
which is a linear combination of the input frequencies.

The construction of this models using the simplifying as- The perturbation of component sizes during synthesis sause
sumptions does not need to be repeated for each new circugiriations in the layout geometry between iterations. €hes
An analysis of these effects using the general Kirchhoffslawariations may generate varying sets of parasitic elements
allows us to derive a number of stamps that model the behav{ogsistances, capacitances and inductances) in eachioitera
of (trans)conductances and capacitances for an effect offlae variation of width of a transistor module also causes the
given order. An incremental substitution of the circuitents number of fingers to change between iterations. In this@ecti
by these stamps leads to a set of models in which onle talk about techniques to model these variations in the




original circuit topology, which in turn generatgmrasitic- another example of a parasitic model for a net with two upper
inclusive SPMs. terminals and three lower terminals. This parasitic madgli
technique can easily be extended to nets witkerminals on

a a the top row anch terminals at the bottom row.
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Fig. 3. lllustration of parasitic extraction €

Fig. 5. Larger example of a parasitic model
The inclusion of parasitic capacitances for active compo-
nents obtained by rule based extraction can be done using
analysis-based inclusion technique proposed by us in T3.
set of parasitics generated for every segment of an intesmn A. Setup

is in the form of the PEEC Model [2] shown in Figure 2. The The LNA in Figure 6 is chosen to demonstrate the proposed
extracted circuit for a three terminal net is shown in FigBre RF circuit synthesis method. In this circuit the input & outt®
Note that the voltage and current sources of the PEEC Modgk matched at %D and the width of transistors MO & M1 are
are not included in the circuit as the evaluation of SPMs @uaL The equa| widths enable the merging of the drain of MO

IV. EXPERIMENTAL RESULTS

independent of the process of biasing a circuit. with the source of M1, which in turn reduces the internal aois
- of the cascode transistor M1 and facilitates input matck®hg

Sl 7374772 Inf The width of transistor M2 (which forms a current mirror

- with M1) is chosen to be one-tenth of the width of M1. This

a minimizes the power consumption in the bias circuit [9]. The

Z1=22=27Z4=Inf.
z5=27=0

a  large input blocking capacitance is off-chip and its valge i
fixed at 10pF. The SA-based optimizer explores the search
space for these seven design variables: M1.W, LO, L1, L2,

. RO, R1 and CO. The TSMC 0.i&echnology is used and all

CaseD simulations are run on SunBlade1000 with 2GB RAM.

b c Z4=276 =0 |
| 72=23=277=Inf. RI
—
-0 - - - Cc
75=0;21=22=24=Inf. b Cases vad

° CasCeC MEO % = "
Fig. 4. lllustration of parasitic inclusion in SPMs nd e PORTI
For multi-terminal nets the number of parasitic elements i _—
extracted in different iterations may not be the same. This o ? L | L
is because the pin positions change and this causes the nets . T \
geometry to change. Figure 4 shows a multi-terminal net

PORTO e

with one terminal on the top row and two terminals on the )
bottom row and the five possible net geometries. Based on the Lo
relative x-coordinate of node ag(x) with respect tab(x) and

c(x), the number and position of parasitics extracted vary. To - -
model these variations a complete parasitic model, which is Fig. 6. Low Noise Amplifier Topology

superset of all possible combinations (shown in the cerfter o

Figure 4), is included in the original circuit descriptiorieh ) _

is eventually used to generate the SPMs. The actual evatuatp- Results and Discussion

of the SPMs is done by determining the relative coordinates o The SPM generation process for the circuit described above
the critical nodes (a,b,c in this example) and setting tHeeva took around 45 minutes, out of which the ECD generation
of some resistances and conductances to zero. Figure 5 shtime was 16 minutes 34 seconds and ECD compilation time



TABLE |
SYNTHESISRESULTS FORLOW-NOISE AMPLIFIER

Attribute | Constraints| Obtained | Verified| Error
Gain >15dB 16.565 dB | 16.548 | 0.102 %
NF <3 dB 2.754 dB 2.90 5.03 %
H2 <-25dB | -26.239 dB - -

H3 <-20dB | -20.782 dB - -

was 26 minutes 23 seconds. The number of ECDs requinetbdels. The novelty of the approach is the use of ECD-based
for H2 are 9; forH3 are 31 and fomoise figureare 8. So a symbolic performance models for RF layout-in-loop synifies
total of 49 ECDs were generated and compiled (including The synthesis method can be improved significantly in terms
ECD for gain). The single-ended LNA was synthesized foof speed by calculating non-linearity coefficients using biasing
gain, H2, H3 and noise figure at a frequecy of 2.1 GHzoltages and model parameters of active components instead
The results are presented in table Ill. When compared ¢ numerical interpolations. This is a part of the future kor

a numerical simulator the accuracy for gain was within 0.1%)Jong with the development of symbolic performance models
for noise figure within 5%. The slight inaccuracy in noiséor IM3.
figure arises because we do not consider all sources of noise

but only the important ones, the thermal noise due to the .
transistors’ channel resistances and circuit resistarithe  1his work has been sponsored in part by DARPA/MTO
accuracy of H2 & H3 is discussed in details in [16]. Th&/€0CAD program under grant number F333615-01-C-1977
inaccuracy in H2 & H3 arises from two sources. First, is du@onitored by the Air Force Research Laboratory.
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