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Abstract A 2.1GHz low noise amplifier in a OSym 47GIXz 
SiGe BiCMOS process was synthesized and sent to fabrica- 
tion. The circuit was synthesized to simultaneously meet mul- 
tiple design specifications including noise figure, gain, power, 
impedance match, intermodulation, compression, stability 
with a state-of-art simulation-based circuit synthesis tool. The 
synthesis setup took about two days, and the synthesis run 
took about 2 hours on a pool of 10 networked SUN worksta- 
tions. Noise figure of 1.2dB, power gain of 16dB, IIP3 of -6dB, 
Sll of less than -15dB, were achieved with 3.7mA bias cur- 
rent at 2.W power supply. Data generated during synthesis 
was processed to show design trade-offs among competing 
performance goals. The trade-off between optimum noise 
match and input impedance match is discussed. 

I. INTRODUCTION 

The design of a radio-frequency circuit involves numer- 
ous trade-offs between competing specifications including 
power, noise, gain, linearity, stability, impedance match 
among others. A typical design, such as a front-end low 
noise amplifier, may take months for a designer with years 
of experience. On the other hand, rapid evolution of wire- 
less standards and fierce market competition demand mini- 
mal design effort and time-to-market with no compromise 
of product quality. Traditional labor-intensive manual 
design methodologies can no longer meet the challenge. 
Automatic RF/analog circuit synthesis is emerging as a 
promising approach to reduce design cycle time and 
increase productivity[l][2]. After decades of research, 
practical analog synthesis tools have recently become 
available[3]. 

With relatively few devices, but many trade-offs, radio 
frequency circuits are good candidates for automatic syn- 
thesis. Fewer devices mean fewer design variables and thus 
a smaller search space for synthesis. A typical RF circuit 
fnnction block has only a couple up to a dozen transistors 
and about the same number of passive components, such as 
inductors, capacitors and resistors. Independent design 
variables may be even fewer considering device matching 
constraints. Design problems with such scale are well 
suited for current synthesis tools. 

II. RF/ANALOG SYNTHESIS FLOW 

In this paper, we used a simulation-based synthesis tool 
[3 3 which requires minimal preparatory effort compared to 
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Fig. 1. RF/Analog synthesis flow diagram 

knowledge-based tools. The flow diagram is shown in Fig. 
1. Commercial simulators, such as Spectre RF (used for 
simulations for this paper), Eldo RF, Star-Hspice and 
ADS+, or proprietary simulators, such as TIspice, can be 
easily interfaced with the synthesis engine to guarantee 
industrial accuracy. Unlike most optimization/tuning tools, 
the synthesis tool does not require a starting point for 
design parameters. Required inputs are circuit topology, 
circuit design variables, and performance specifications. 
As in a traditional manual design flow, the simulation envi- 
ronment must be setup before synthesis. The simulation 
environment consists of a few testbenches for the evalua- 
tion of circuit performance. The synthesis engine synthe- 
sizes and evaluates lo3 to lo4 candidate designs with 
efficient searching algorithm and produces several designs 
which meet or exceed all the specifications if there exit 
solutions. In addition to the tial designs, the large body of 
data generated during synthesis is available to the design- 
ers for design space exploration. The large simulation load 
is distributed to parallel networked computers to leverage 
the ever-increasing computing power of modem worksta- 
tions. 

III.SYNTHESIS SETUPFORTHELNACIRCUIT 

A single stage common emitter gain stage with emitter 
inductive degeneration is chosen for the low noise ampli- 

+ Speck, Eldo, Star-Hspice and ADS are trademarks of Cadence Design 
Systems, Mentor Graphics, Avant! and Agilent respectively. 
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Fig. 2. Simplified low noise amplifier schematic. 

fier as shown in Fig. 2. A cascade transistor is used for bet- 
ter isolation and ease of impedance match. High Q bond 
wire inductors are chosen for input inductor Lib and degen- 
eration inductor LE for lower noise and flexibility of 
impedance match during test. The load inductance Lid is 
implemented as an on-chip spiral inductor. Since only 
about 20 inductor models with discrete inductance are pro- 
vided by the foundry, Llod is not a fully designable com- 
ponent. One of the foundry designed and modeled on-chip 
inductors is selected. For the input NPN transistor Ql, the 
multiplier is chosen to be fixed and the emitter length 1~1 is 
picked as a design variable. The multiplier and emitter 
length of cascade transistor Qz (mz, 1~2) are both chosen as 
design variables. Parasitic capacitance at Qz collector is 
resonant with the fixed Lid and forms an L-match with 
C,Ut to achieve output impedance match. The collector cur- 
rent is designed to be 6*Ibiar All told, there are 7 indepen- 
dent design variables, namely, 1~1, 1~2, m2, Lin, LE, C,, 
Ihiw The ranges and increment steps of the design vari- 
ables are set by rough hand calculations considering the 
design rules of the process. Even though the synthesis tool 
can accommodate large ranges, a set of reasonable ranges 
prevents an unnecessarily large search space and therefore 
speeds up the synthesis. As listed in Table I, the ranges are 
loose enough for a designer to estimate in negligible time. 

Three test benches are set up to evaluate candidate cir- 
cuits during synthesis: one for four S-parameters, noise fig- 
ure and DC power consumption, one for IIP3, and the last 
one for large signal 1dH compression point. There is a total 
of 9 basic performance goals: noise figure, gain(S2 l), S 11, 
S12, S22, stability K-factor, IIP3, 1dH compression and 

power consumption. To synthesize toward a noise match, 
two more goals are added: Fmla, which is the reflection 
coefficient with minimum noise figure and 6NF, which is 
the difference between 5On noise figure and minimum 
noise figure. Performance specifications are listed in Table 
II together with the final synthesis results. 

TABLE I 
SYNTHESIS SETUP OF DESIGN VARIABLES 

1 Design Variables 1 From 1 To 1 Step I 

I lE1 (pm) I 5 I l5 I l I 

I lE2 (pm) I 5 I 15 I 1 I 
I m2 I 3 I 12 I l I 
I Lin (nW 1 1 1 s 1 0.25 I 
I LE (a) 1 0.5 1 1.5 1 0.1 1 
I Gout W) 1 0.1 1 1 1 0.1 1 

I Ibis 1 0.1 1 I 1 0.1 I 

Iv. SYNTHESIS RESULTS 

The setup time for the synthesis is about 2 days which is 
comparable to the setup time for simulation in a traditional 
design flow. The synthesis takes approximately 2 hours on 
a pool of 10 SUN workstations. Most of the synthesis time 
is due to the time-consuming periodic-steady-state simula- 
tions for the IIP3 and 1dB compression computation. 
When synthesis is complete, instead of providing only one 
final design, the synthesis tool provides a collection of 
good designs all of which meet performance goals. In addi- 
tion, numerous candidate design points that are visited dur- 
ing synthesis process, some of which may have not met 
one or more of the design goals, are stored and available 
for design exploration through data mining. To perform 
data mining, a set of design points are selected according 
to a set of performance specification criteria to rule out 
non-sense design points. Then trade-offs between any two 
performance specifications or design variables can be plot- 
ted to give valuable design insight. 

A. Noise match vs. input impedance match 

As reported in [4], optimum noise-matched and input 
impedance matched low noise amplifier can be designed in 
four steps: first the minimum noise current density Jc+ is 
found at the specified frequency; secondly the emitter 
length (lnl) of the input transistor is adjusted so that opti- 
mum noise figure source resistance (&Pt) equals 50&2 at 
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Fig. 3. Trade-off between input reflection Sl 1 and 
reflection coefficient with minimum noise figure F,,,i,.,, 
corresponding NF and NFmin are also shown. 

minimum noise current density; then the emitter degenera- 
tion inductor LE is added to match the real part of the input 
impedance to SOQ without changing the Rs,,t; tinally the 
input matching inductor Lia is inserted to transform the 
imaginary part of both input impedance and optimum NF 
source impedance to zero at the same time. In the end, 
simultaneous noise match and input impedance match is 
reportedly achieved. 

Sequential design/optimization approach as stated above 
tackles an optimization problem with multiple goals by 
decomposing it into a few sub-problems and solving them 
one by one. Since design variables and goals are tightly 
coupled, such one-variable-at-a-time approach always 
requires many design iterations to meet all the goals. In 
contrast, we simultaneously synthesize all involved design 
variables, e.g., LE, Lia, emitter length&), and Ihim, to 
minimize noise figure, input reflection (S 11) and reflection 
coefficient with minimum noise figure(Fn& at the same 
time. 

Synthesis results are post-processed through data mining 
and are shown in Fig. 3. Design points with Fmia lower 
than -15dB and S 11 lower than -lOdB are selected to gen- 
erate the plot. A trade-off between noise match (Fr,& and 
input impedance match (Sl 1) is evident from the plot. It 
shows that for designs with Fmia lower than -2OdB, Sl 1 
can hardly be lower than -15dH. After taking a close look 
at the designs, we find that even though the real parts of 
optimum NF noise impedance (Rs,,Pt) and input impedance 

(Rin) are matched to 504 their imaginary parts, X,cpt and 
Xin, can not be matched to zero simultaneously. Several 
factors contribute to this result. First, the optimum NF 
source reactance (X+) of a PNP transistor, which is 
inductive, is not exactly in conjugate with the input reac- 
tance&J, which is capacitive, as assumed in [4]. The 
same situation exists for a MOSFET and results in the fun- 
damental trade-off between noise and impedance match[5]. 
Secondly, after connecting in the emitter degeneration 
inductor, X,Pt is reduced more than Xia is increased. Con- 
sequently, Xin and Xsopt can not be transformed to zero at 
the same time. In addition, parasitics introduced by bond 
pads make simultaneous noise and impedance match more 
difficult. Nevertheless, with good S 11 (< - 1 SdB), excellent 
noise match (rtir, c -2OdB), which corresponds to less 
than 0.02dH NF degradation, can be achieved. In Fig. 3, 
achieved noise figure and minimum noise figure vs. Sl 1 
are also plotted. 

B. Other trade-ofAnalyses 

Many trade-off plots can be obtained after synthesis. As 
an example, Fig. 4. shows the effects of L, on gain and 
IIP3. Higher LE results in higher HP3 but lower gain, while 
lower LE results in higher gain but lower IIP3. Moreover, a 
close inspection of the graph reveals that LE has a domi- 
nant effect on gain, which can be deduced from the tight 
distribution of design points along the line, while there are 
other factors significantly affecting IIP3 besides LE, which 
is evident from the relatively wide spread of design points. 
Gain(dB) IIP3(dBm) 

L&H) 
Fig. 4. Effects of LE on gain and IIP3, Design points 

have different spread along two lines. 
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TABLE II 
LNA SYNTHESIS SPECIFICATIONS AND RESULTS 

Performance 1 Specifications 1 Results 

s21 I >15dB 1 16dB 

NF I c1.5dB 1 1.2dB 

Input-IP3 I >-IOdBm I -6dBm 

Input-PldB 1 >-20dBm I -15dBm 

Sll I <-15dB 1 -15dB 

s22 1 c-2odB 1 -2ldB 

s12 I <-30dB 1 -39dB 

vcc 
Frequency 

2.5V 

2.1GHz 

V. IMPLEMENTATION 

One of the best design points was selected for the fmal 
implementation. The input NPN size is 0.5pm x 9pm x 12, 
and LE is 0.9nH. Layout was performed manually with the 
aid of an automatic analog layout tool[6]. The layout was 
extracted and verified by simulation. The LNA takes about 
6OOpm by 6OOpm excluding bond pads, as shown in Fig. 5. 
The simulated performances are listed in Table II. The 
design was sent out to be implemented in the IBM 0.5pm 
SiGe BiCMOS process with an NPN ft of 47GHz[7]. 

VI. CONCLUSION 

A 2.1 GHz SiGe low noise amplifier was synthesized and 
layed out for fabrication. We have demonstrated that a sim- 
ulation-based synthesis tool can successfully synthesize 
block-level radio-frequency circuits, such as an LNA, with 
minimal preparatory effort and affordable runtime. Com- 
pared with traditional manual design, the new design meth- 
odology achieves an order of magnitude saving in design 
time with designs rivaling expert manual designs. Further- , 

Fig. 5. Layout of the low noise amplifier. 
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more, the vast design database generated during synthesis 
can be processed to explore trade-offs among design vari- 
ables and performance specifications. As an example, the 
trade-off between noise match and input impedance match 
of the SiGe bipolar transistor was examined. 
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