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CMOS Technology Characterization
for Analog and RF Design

Behzad RazaviMember, IEEE

Abstract—The design of analog and radio-frequency (RF) Noise -«——»Linearity
circuits in CMOS technology becomes increasingly more difficult /
as device modeling faces new challenges in deep submicrometer
processes and emerging circuit applications. The sophisticated set Power Gain
of characteristics used to represent today’s “digital” technologies Dissipation

often proves inadequate for analog and RF design, mandating
many additional measurements and iterations to arrive at an
acceptable solution. This paper describes a set of characterization Input/Output Supply
vehicles that can be employed to quantify the analog behavior Impedance Voltage
of active and passive devices in CMOS processes, in particular,

properties that are not modeled accurately by SPICE parameters.

Test structures and circuits are introduced for measuring speed, Speed -—m
noise, linearity, loss, matching, and dc characteristics.
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log and RF design. It also reviews some relevant modeling
|. INTRODUCTION glifficulties. Section Il presents th_e motivation for and the
) ) issues related to the task. Sections lll and IV deal with
AS CMOS technology continues to benefit from Doty racterization for analog and RF design, respectively. For

scaling and the enormous momentum of the digitghe sake of brevity, we use the term “analog” to mean “analog
market, many high-speed and radio-frequency (RF) integratgqy rg »

circuits that were once considered the exclusive domain of
llI-V or silicon bipolar technologies are likely to appear as
CMOS implementations. However, issues such as technology Il. MOTIVATION AND ISSUES

development costs, computer-aided design (CAD) im‘rastruc—-l-he principal difficulty in using a digital CMOS technol-

ture, and fabrication turnaround time make it desirable to US8y for analog design is that the process is optimized and
?smlgle mainstream d'g't"’g CMOS pr?](_:ess for all IC productgharacterized for primarily one tradeoff: that between speed
Analog processes” may be approaching extinction. and power dissipation. By contrast, analog circuits entail a
The design of analog gr?d RF circuits In a d|g|tal CMO_$r1uItidimensional design space. This is illustrated in Fig. 1,
technology faces many difficulties: the set of available ac“‘(ﬁhere almost every two parameters trade with each other. The

and passive devices is quite limited, the technology iS Opfjj,e severity of these tradeoffs is known only if relevant data
mized for digital design, and the devices are characterized e been obtained for the technology.

modeled according to simple benchmarks such as currentdrivq-he need for specialized “analog characterization” arises

and gate delay. While the first two issues can be somewhaf, 4 types of shortcomings: inaccurate modeling (e.g., the
alleviated by C|rcu!t ar)d architecture mnova’qons, the qua_nda[%tput resistance of transistors or its nonlinearity) or simply
of poor chgractenza‘uon Iegds _to ;ubs_tantlal conservatlsmﬁ&k of modeling (e.g., self-resonance frequency of inductors
anaI?g dfs'gn' thus resulting in circuits that do not explo atching properties of transistors). While efforts toward
the “raw” speed of the technology. In some cases, eveR, ,\ing submicrometer device models continue vigorously,
conservatism does not solve the problem, mandating lengiy, jing appears to degrade the modeling accuracy faster. That

'te“’?‘“o”s n the fje5|gn. For example, in a narrow-band 35 it seems that for no generation of CMOS devices have
oscillator, it is difficult to guarantee a correct output frequency, qeis been sufficiently accurdte

without accurate data on device parasitics and their variation; i< 4iso important to note the rapid migration of digital

with process and temperature. circuits from one generation of the technology to the next.

This paper desqribes a set of techno!ogy chqractgrizatigﬂabg circuits have historically lagged behind by more than
methods that provide the basic information required in angg generation, failing to utilize the full potential of new

processes or to comply with their supply-voltage scaling. A
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also minimizes the number of design iterations and hence the

: Voo
time to market.

The above observations indicate that analog design in a new u =

. e . . 1

technology can be greatly simplified mieasureddata points
describing the analog behavior of devices and subcircuits are Cq
obtained. In fact, such data points do become available as Vipo— Vout
analog designers begin to use a process, but in an ad hoc
manner and very slowly. A unified effort to collect all of the

necessary data soon after the qualification of a technology is W I—E‘

rarely seen. |._1 @ I'rer

Technology characterization for analog design nonetheless L L —
involves a number of difficult issues. " " "

« Owing to the lack of universally applicable analog benCH:-ig' 2. AC coupling using devices biased in subthreshold region.

marks, many test structures must be built to satisfy the
needs of various systems. Op-amps, filters, comparatoss, pc Behavior

data converters, oscillators, phase-locked loops, frequencyl_ypical IV characterization seeks to minimize the
DTVYDS

synthesizers, and RF transceivers incorporate many dif- i e ! X
erall error in the curve fitting procedure, thus incurring

ferent functions that heavily depend on poorly modele(av “ . |
properties of devices. significant relativdlocal errors. While advanced models such

as BSIM3v3 incorporate many parameters to lower such errors,
* Some device characteristics, for example, capacitor migsme submicrometer device properties still defy accurate rep-
match and thermal and/ f noise, are difficult to measure. jggentation. For this reason, it is important to have measured
Th_us, proper circuits must be included on the die to alloyy, yata points in a range suitable to analog design, e.g.,
reliable measurement. Vs — Vem & 100, ---,500 mV andIp = 5, - - -, 20 pAlpm.
« Some measured properties are difficult to incorporate inSubthreshold characteristics of MOSFET's are difficult to

simulations. For example, the voltage dependence of tidel. (One version of the BSIM model does represent this
output impedance of transistors cannot be easily includgghavior, but it also yields aegativegate-source capacitance
in the simulation of an op-amp. Such cases may mandaeder certain conditions.) In sampled-data circuits, the sub-

designing a complete circuit to measure the overall effe¢freshold conduction of switches in the off state, especially
at high temperatures, may lead to significant leakage, thereby

* The Iarge_ nu_mbe_r of test structure_s requires SUbS.tamf':%Irrupting the stored information. This effect also becomes
characterization time and effort. It is therefore desirable

. important in determining the lower bound on the speed of
to automate the measurements to the extent possible. : L . . oo
dynamic latches in mixed-signal and digital circuits.

» The test structures and circuits must be designed such thaa difficulty in subthreshold modeling is dc and ac slope
they can be ported into the next generation of the procegiscontinuity in the vicinity of strong inversion ak:g in-
with minimal modifications. creases. In fact, time-domain simulation of circuits in which

It is also beneficial to design two sets of structures: MOSFET's reciprocate between the two regions exhibit sub-

new technology and a brief version to be included in produef RF CMOS circuits, the output spectrum often suffers from

the process. the device equations. This issue remains unresolved in most

mainstream models.

Subthreshold operation actually proves useful in some cases.

[Il. CHARACTERIZATION FOR ANALOG DESIGN For example, as depicted in Fig. 2, a diode-connected MOS-

The device and circuit properties of interest in analog desi§iF | Piased in subthreshold exhibits a large incremental resis-
can be grouped into six categories: ance, thus cre_atlng a low cutoff freque_ncy in the high-pass

filter formed with C;. By contrast, a resistor of comparable

value would consume a large area and introduce considerable
2) ac behavior; parasitic capacitance at the output node. The circuit of Fig. 2
can be employed if the subthreshold properties of transistors

1) dc behavior;

3) linearity; are known at different temperatures.
4) matching; Another troublesome effect is the output resistance of short-
5) temperature dependence; channel MOS transistors, and in particular vegriation with

) the drain-source voltage even in the saturation region. Shown
6) noise. in Fig. 3, this phenomenon causes the intrinsic ggim, to

We consider the first five here and noise in Section IV. Oulepend on the output potential, thereby creating nonlinearity
emphasis is on those aspects that are not modeled accuratelgmplifiers. Present models include this behavior but with
in SPICE simulations. more than 50% error in some cases. For op-amp design, it is
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also useful to obtain measured plotsgfr, as a function of

the drain current for various device dimensions. " '
b

B. AC Behavior H T Co

The discrepancy between the simulated and measured speed
of MOS devices and circuits continues to haunt designers. Fag- 7. Bias circuit using n-well resistor.
example, the device models extracted from a wafer often fail to
accurately predict the gate delay of ring oscillators fabricataifynificant [3]. The series resistance is readily calculated in
on the same wafer. the strong inversion region [4], but its value in accumulation
To obtain a versatile set of data points, ac characterizationust be measured.
of a technology must be performed at both device level andAnother rarely available process parameter is the capaci-
circuit level. For devicesfr and ... must be measured undertance of the n-well to the substrate. If the source and n-well of
bias conditions common in analog circuits, eldzs — Vry & a PMOS device are connected to avoid body effect (Fig. 6), the
100,---,500 mV and Ip = 5,---,20 pA/pm. For a given n-well capacitance must be taken into account. The capacitance
current, fr o (Vgs — Vru) [1], indicating that thefr's of resistors made of n-well may also be important. In Fig. 7,
encountered in analog applications are much lower than thdee example, resistor®, and capacitorC, isolate the bias
measured withVgs = Vpp, the value typically reported for current mirror from the signal path, thus allowing ac coupling
CMOS technologies. of the input signal. In this circuit, the value &% is not critical
Another ac device parameter of interest is the nonlinearity 8 long as it remains much greater than the output impedance
MOS gate-channel capacitance in accumulation and inversiofi.the preceding stage, but the parasitic capacitancéof
This effect can be better seen by plotting ttherivative of attenuates the signal.
the C-V data versus the gate-channel voltage (Fig. 4). While For ac characterization at circuit level, frequently used
MOS capacitors are quite nonlinear, they nonetheless prdwdglding blocks such as ring oscillators can serve as test
useful in some analog circuits [2]. vehicles. The choice of a circuit for this purpose is determined
MOS capacitors are also utilized as supply and bias bypdss three factors: 1) the complexity and design time of the
elements (Fig. 5). In such cases, the series resistanceciofuit, 2) the useful information obtained from testing the
the capacitor affects the effectiveness of the bypassing. Fincuit, and 3) the level of difficulty intesting the circuit.
example, the resistance can be used to produce a criticdliifferential ring oscillators with realistic device dimensions
damped response if lead inductance or current slew rates anel bias currents are more widely accepted than single-ended
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Fig. 8. Simple comparator for measuring metastability.

topologies. The speed of these circuits and its correlation wihort-circuit current. Since the output voltage is constant, the

process corner models constitute a more reliable basis famlinearity due to the cascode devices is negligible. For

design than those of ring oscillators using simple inverters.the second mechanism, as shown in Fig. 9(c), the differential
Another circuit that exercises the intrinsic speed of thaput is set to zero and the output large-signal impedance is

technology is a voltage comparator. Fig. 8 shows an exampheasured.

where M, and M, amplify the input difference and/; and To quantify the overall nonlinearity, we utilize the configu-

M, perform regeneration afte¥; turns off. The regeneration ration depicted in Fig. 10, where all the passive devices may

speed at nodesX and Y can be measured by operatingoe external for simplicity. ResistorB; and R, establish the

the comparator near metastability [5], [6] and measuring tléas but are large enough to be considered ac open. With a pure

changein the response time for small increments in the inpinusoid applied to the input and different choice<gf/Cr,

voltage. In practice, all of the device widths and bias currentise output harmonic contents can be measured and the “static”

may be scaled up by a factor of 100 so that the curremisnlinearity of the open-loop op-amp derived.

provided by M; and Mg generate moderate voltage swings

in a 5042 instrumentation environment. Note that such scaling

does not change the regeneration time constant. D. Matching

While matching properties of passive and active devices
have been extensively studied in terms of dimensions and
process constants [8]-[11], actual measurement of mismatches

The linearity of both passive and active devices playsis often necessary. This is because in addition to fundamental
critical role in many analog circuits. The value of a resistquarameters such as device area, other characteristics such
or a capacitor can be expressed in terms of the voltage acrass“cleanness” of the process determine the magnitude of
the device as ~ zo(1 + o,V + o V?). The coefficientsy; mismatches as well.
and a> must be measured for different types of resistors andMeasurement of transistor and resistor matching is straight-
capacitors available in a process. Note that the linearity fafrward. The test structures must employ many different
polysilicon resistors typically improves with their length [7]. dimensions so as to quantify the dependence on the area.

The linearity of op-amps is also of great interest. In Rig. 11(a) shows an arrangement with a minimum number of
conservative design, the open-loop gain of the circuit @ads for measuring the gate-source voltage of each transistor
chosen large enough to obtain a small closed-lgaim error, in every differential pair. A tail current is drawn from the
thus guaranteeing that the nonlinearity is of the same ordeommon source node of the pair, nodleor nodeY is tied to
However, the lowg,,r, of submicrometer devices makes itVpp, and the other is connected to ground, thus establishing
difficult to achieve a high open-loop gain. Furthermore, gaihe value ofVgs. Using this technique, thé&s mismatch
error per se is not critical in many applications, or it can bean be measured as a function of the drain current. The
corrected by calibration techniques. Thus, aggressive desigasistor—capacitor network prevents oscillations due to large
seek to minimize the nonlinearity adequateopen-loop gain. parasitic inductances in the setup.

This is possible only if the nonlinearity of the open-loop circuit It is also desirable to include nominally identical current
is well understood. sources [Fig. 11(b)]. Since the mismatch between two current

In a fully differential op-amp, e.g., Fig. 9(a), the nonlinearitysources depends on both the threshold voltage mismatch
arises from two principal sources: compressive voltage-tand uC..W/L mismatch [11], [6], measurements on both
current conversion of the input differential pair and the voltaggructures in Fig. 11(a) and (b) allow for cross checking the
dependence of the output impedance of the cascode deviemdidity of the extracted data.

As depicted in Fig. 9(b), the first mechanism is measured byMeasurement of resistor mismatch usually requires a four-
applying a differential input voltage and monitoring the outpyioint (“force” and “sense”) arrangement so as to avoid resis-

C. Linearity
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Fig. 9. (a) Sources of nonlinearity in a folded-cascode op-amp, (b) measurement of input nonlinearity, and (c) measurement of output nonlinearity.
(Common-mode feedback not shown.)
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Fig. 10. Arrangement for measuring op-amp distortion. = = =

(b)
tance mismatches due to external connections. The topolagy 11. Structures for measuring transistor mismatch.
shown in Fig. 12 allows such a measurement with a relatively
small number of pads.
Characterization of capacitor matching is quite difficul
For small capacitors used in most analog circuits, in t

to body effect. The test proceeds by applying a rampXto

R?\g/hile Y is grounded, generating a ramp&},; whose slope
approximately equal t6; = Cy/(C; 4+ Cz). Next, X and

range of 0.1-1 pF, direct measurement would suffer frogp a?gingrchan)éeg,uand t;]e outlp/u(t ;Iczf_;e:Q)Cg/(XclJrCQ),

many uncertainties resulting from parasitics in the physicl 5tained. The relative mismatch can then be calculated as
setup. Thus, the capacitors must be isolated from external S _g O
2 1 2 1 2 (1)

connections by means of on-chip circuitry. Fig. 13 illustrates = .

an efficient approach to measuring capacitor mismatch [12]. S1+ 52 C1+C

The top plates of”; and C, are connected to nodg, and Utilizing only the changein V., this approach cancels
a PMOS source follower serves as a buffer. The n-well dfie effect of three nonidealities: 1) the initial charge at node
M is tied to its source to eliminate the nonlinearity dué”, 2) the parasitic capacitance at nafgincluding the input
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Fig. 14. Simple bandgap reference. (Transist®y serves as startup.)

version of the reference available in the early phases of
technology qualification, subsequent iterations in the design
are minimized. In addition, measurement of the base resistance
and current gain of individual vertical pnp transistors proves
useful in predicting the behavior of the bandgap circuit.

Fig. 13. Capacitor mismatch measurement.

IV. CHARACTERIZATION FOR RF DESIGN

capacitance of the source follower, and 3) the drain-sourceMost of the analog characterization methods described
impedance ofM; [12]. The measurement must nonethelestbove are also essential to RF design. For example, dc and
be performed with relatively large voltage excursions so as & properties, noise, and temperature dependence are critical

calculate the difference betweéh and.S; accurately. here as well. In addition, many RF characteristics must be
measured at device and circuit levels to facilitate the design
E. Temperature Dependence of highly integrated RF systems.

The temperature variations of many device parameters are
not modeled accurately in SPICE. Examples include outpﬁt
resistance, subthreshold conduction, and capacitances. Furthefhe severe tradeoffs among noise, frequency of operation,
more, the temperature coefficient of resistors and capacitgan, and power dissipation in RF circuits limit the number
must be measured for each technology generation, as it ntdyactive devices in the signal path of some building blocks.
depend on doping levels or the type of dielectrics. Examples include low-noise amplifiers (LNA’s), mixers, and

In addition to basic device parameters, some other circuitscillators. Consequently, passive monolithic devices that ex-
related quantities should also be characterized as a functiohit little loss and operate as high-quality loads or interfaces
of temperature. For example, direct measurement of the vazan greatly simplify the design. Inductors, capacitors, varac-
ations of the transconductance, on-resistance, and threshold, and transformers appear in many RF IC’s today.
voltage provides a more reliable and versatile characterizationWhile the value of spiral inductors can be calculated with
thus simplifying the design procedure. The ac properties of theasonable accuracy [14], tlig and self-resonance frequency
technology also vary with temperature. The ring oscillator arede much more difficult to predict. The distributed nature of
comparator circuits described in Section IlI-B can serve #se spiral and the underlying substrate usually requires the use
structures allowing the measurement of speed as a functiorobffinite element analysis, especially for complex structures
temperature. such as stacked inductors [15]. Furthermore, the dependence of

Owing to the lack of comprehensive data on temperatuirductor parameters upon line width and spacing, the number
dependence of device parameters, a number of importahturns, the size of the opening in the middle, and the type of
design questions remain unanswered: How should the bfakield” placed underneath the inductor [16] make it difficult
currents of an op-amp vary with temperature? What is thie choose the optimum structure for a given frequency of
optimum temperature variation of bias currents in a low-noiggeration. For these reasons, it is beneficial to obtain measured
amplifier or mixer? How should the tail currents of a ringlata for parameters of inductors with different geometries.
oscillator orLC oscillator vary with temperature? To answeShown in Fig. 15 are two structures of interest in RF design
these questions, various dc and ac temperature depender@gps
of devices must be measured and incorporated in simulationsA simple method of measuring tig and the self-resonance

Another useful test structure is a simple bandgap refererfcequency fsg of inductors is illustrated in Fig. 16. Identical
[13]. Depicted in Fig. 14, such a circuit finds wide usagmductorsi.,; and I, together with the negativés,, pair M,
in most analog and mixed-signal systems. With a simpénd M, form an oscillator. If the capacitance contributed

Device Properties
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Fig. 15. (a) Inductor with broken shield and (b) stacked inductors.
Voo Another useful passive component is a transformer.

Monolithic transformers suffer from parasitic capacitances

and frequency-dependent voltage and power loss [25], [26].
L g g L =2 I\/_Ieas_ur_ement_of these parameters canleadto a moglel_ suited to

r gmj circuit simulations. For interfaces where voltage gain is more

important than power gain, the 2:1 transformer of Fig. 18(a)

may prove useful. A simple transformer-based oscillator, e.g.,

M My Ms M4 that in Fig. 18(b), can also yield the self-resonance frequency
and loss of the structure.
Bias o
Control \J -\

= = B. Noise

Fig. 16. Arrangement for measuring self-resonance frequency Gunof The thermal noise of submicrometer MOS tLansistors
inductors. does not satisfy the long-channel approximatich =
4kT[2/(3gm)] [17]. Depending on the bias conditions, the

—> “excess noise factor” may be quite higher than 2/3, an effect
Lot J L oot ) not included in most SPICE models. More accurate models for
n-well the channel noise are described in [18]. But two other thermal

noise mechanisms merit characterization as well. Illustrated
in Fig. 19, the first results from the capacitive coupling of
Fig. 17. Floating varactor in CMOS technology. the drain noise current to the gate, introducing a physical
gate noise current [19], [20]. To measure this phenomenon,
different noiseless impedance levels can be placed in series
by the transistors and the output buffer is negligible withjith the gate while other parameters remain constant, thereby
respect to the parasitic capacitancelgfand L, the circuit producing different noise levels in the drain current.
oscillates atfsr. In this case, the buffer can incorporate smaﬁ The second effect arises from the modulation of the thresh-
devices so as to present minimal capacitance to the oscillagpy voltage by the body thermal noise [Fig. 19(b)]. Note that,
(at the cost of signal attenuation) because most spectrging to the distributed nature of the body resistance, this
analyzers can detect the existence and frequency of even wgakie exists in differential circuits as well. Fig. 20 plots the
oscillations. We also observe that if the tail current is decreasgghulated noise figure of a cascode stage as the body resistance
to the point where the oscillation is near failure, the negativgiries, revealing a degradation of approximately 0.2 dB. The
transconductance provided by, and M» is approximately principal difficulty here is accurate prediction of the local body
equal to the equivalent parallel resistance of the inductofgsistance—the three-dimensional structure may require the
i.e., —1/gm = R,. Thus,@ = R,/(Lw) = (Lwgm) . The yse of device simulators.
value ofg,,, under this condition can be measured #dg and  The 1/f noise of MOSFET's has also created challenges in
M., which are identical toV/; and M,. The key point here analog and RF design. For noise calculations, the technology
is that the@ and self-resonance frequency are measured irc@nstantk r in v2 = Kr/(W LCof) must be measured for
realistic environment. both PMOS and NMOS devices. In reality, the dependence on
Varactors built in CMOS technology also suffer from af and evenC,, may be of the formC2_f* wherea and b
low quality factor. Depicted in Fig. 17, a floating varactoare nonunity exponents. These parameters too may vary from
exhibits substantial series resistance due to the n-well mater@le process to another.
Direct measurement of the varactor provides an equivalentDirect measurement of device noise is quite difficult simply
lumped value for the three-dimensional distributed resistanbecause the values to be measured are too small to be sensed
of the structure. MOS varactors have also been studied recemttgperly by typical instrumentation. Some amplification is
[22]-[24] and merit characterization in each process. therefore necessary, but the noise contributed by the gain

p-substrate
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Fig. 18. (a) A 2:1 transformer and (b) a transformer-based oscillator.
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Fig. 19. lllustration of (a) drain noise capacitively coupled to gate and (b)
modulation of threshold voltage by body thermal noise.
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9 Fig. 21. Arrangement for measuring device noise.
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Since power supplies and bias networks typically exhibit
. considerable noise, the circuit of Fig. 21 must be operated
r from a low-noise battery. Furthermore, the supply line, the
gate-source bias ofM;, and the gate bias ald; must be
1.6 - | | | | | | N bypassed to ground by several capacitors ranging from a few
10° 107 102 10° 10° 10° 10° Bulk nanofarads to severgl hundred mlcrqfarads so that unwanted
Resistance low-frequency and high-frequency noise components are sup-
() pressed.

Fig. 20. Noise figure of a cascode amplifier as a function of the body
resistance (modeled by a lumped resistor in series with the substrate terminal =~ | .
of each device). C. Circuit Properties
The design of such RF building blocks as LNA's, mixers,
stage(s) must be sufficiently lower than that of the deviaescillators, modulators, and power amplifiers (PA’s) heavily
under test. depends on the overall transceiver architecture and the in-
Fig. 21 shows an arrangement for measurement of bd#nded wireless standard. For this reason, it is difficult to
thermal andl/f noise of MOSFET's. Biased by means ofntroduce test vehicles that provide useful data for various RF
M, and Izgr, the transistor under tesd/;, forms a cascode applications. For example, the design of an LNA that must
configuration with A5, providing an intrinsic voltage gain drive a 50€2 load may be significantly different from one
of approximatelyg,.1 gm27,1702- The external resistoR;, is that need not. Thus, RF characterization circuits are somewhat
chosen to be higher than the output impedance of the cascsgecialized.
to avoid lowering the voltage gain. A high value f&, also A critical issue in today’s RF CMOS design is the substan-
minimizes its noise contribution. Note that the effect of thgal variability of device and circuit parameters with process
noise generated byl is negligible at low frequencies if,,», and temperature. While analog circuits have for decades uti-
exceeds approximately four. lized tracking and cancellation techniques to achieve well-
The large value ofl?;, together with typical bias currentsdefined, stable parameters, RF circuits still lack such pre-
used in the test translates to a relatively high supply voltageutions. For example, since the gainlLai-tuned amplifiers
but Vx can be maintained below the maximum allowable valie a strong function of parasitic capacitances, it must be
to avoid stressing the cascode device. To minimize drifts measured on various wafers from different lots so as to obtain a
Vx, some dc feedback may be added frdinto the gate of realistic distribution. Similarly, the center frequency of typical
M. The source followerd/; lowers the output impedanceoscillators, e.g., that in Fig. 16, must be measured on many
of the circuit, an important provision because the input noiskce and at temperature extremes to yield the required tuning
current of the external sensing circuitry may be significant. range.
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. .. . ., [19] A.van der Ziel, “Gate noise in field effect transistors at moderately high
Another useful benchmark is a frequency divider. D|V|de[- ] frequencies,’Proc. IEEE vol. 61, Mar. 1963, pp. 461—467. y o

by-two circuits and dual-modulus dividers find wide usage ii20] D. K. Shaeffer and T. H. Lee, “A 1.5-V 1.5-GHz CMOS low noise

; ; ; amplifier,” IEEE J. Solid-State Circuitwvol. 32, pp. 745-759, May 1997.
quadrature generation and frequency SyntheSIS’ If(':‘SpeCtIV'[:’JX] B. Razavi, “Challenges in the design of frequency synthesizers for

At present, the power—speed tradeoff of these circuits IS wireless applications,” ifProc. CICG May 1997, pp. 395-402.
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. . P . . for low-power wireless applicationsfEEE Trans. Microwave Theory
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changes that the output transistor in a PA experiences, accurate receiver front-end for wireless personal communication systetB&EE
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