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Bandwidth Extension in CMOS with Optimized
On-Chip Inductors

Sunderarajan S. Mohan, Maria del Mar Hershenson, Stephen P. Boyd, and Thomas H. Lee

Abstract—We present a technique for enhancing the bandwidth in the 1-2-GHz range. This paper discusses how optimized
of gigahertz broad-band circuitry by using optimized on-chip  on-chip inductors can be used to enhance the bandwidth of
spiral inductors as shunt-peaking elements. The series resistancebroad_band amplifiers and thereby push the performance
of the on-chip inductor is incorporated as part of the load resis- . . - . . .
tance to permit a large inductance to be realized with minimum limits .of CMOS |mplementat|_ons. An attractive feature of _thls
area and capacitance. Simple, accurate inductance expressions ardechnique is that the bandwidth enhancement comes with no
used in a lumped circuit inductor model to allow the passive and additional power dissipation.
active components in the circuit to be simultaneously optimized.  This bandwidth enhancement is achieved by shunt peaking,
A quick and efficient global optimization method, based on 5 method first used in the 1940's to extend the bandwidth of

?eec?an:%tﬂg Fsroggglrgg'?r?"fhg 'Sircnupleﬁ?énI;?m? a;dg'cgzze; EBZ'SQ television tubes. Section Il describes the fundamentals of this

preamplifier that employs a common-gate input stage followed approach. Section Ill focuses on how shunt-peaked amplifiers
by a cascoded common-source stage. On-chip shunt peaking iscan be implemented in the integrated circuit environment. A
introduced at the dominant pole to improve the overall system well-accepted lumped circuit model for a spiral inductor is used
performance, including a 40% increase in the transimpedance. 450 with recently developed inductance expressions to allow
This implementation achieves a 1.6-® transimpedance and . . . .
a 0.64A input-referred current noise, while operating with a the mdu_ctor modeling to be performgd in astandgrd circuit de-
photodiode capacitance of 0.6 pF. A fully differential topology Sign environmentsuch as SPICE. This approach circumvents the
ensures good substrate and supply noise immunity. The amplifier, inconvenient, iterative interface between an inductor simulator
implemented in a triple-metal, single-poly, 14-GHzfr, ..., 0.5um  and a circuit design tool. Most important, a new design method-
CMOS process, dissipates 225 mW, of which 110 mW is consumed|oqy js described that yields a large inductance in a small die
by the 5042 output driver stage. The optimized on-chip inductors
consume only 15% of the total area of 0.6 mrh. area. L. . . .
The new method is implemented using a simple and efficient
circuit design computer-aided design tool described in Section
IV. This tool is based on geometric programming (GP), a spe-
cial type of optimization problem for which vegfficient global
I. INTRODUCTION optimization methods have been developed. An attractive fea-
ture of this technique is that it enables the designer to optimize
sive and active devices simultaneously. This feature allows a
unt-peaked amplifier with on-chip inductors to be optimized
ilgectly from specifications.
Sections V and VI illustrate how shunt peaking is used to

Index Terms—CMOS analog integrated circuits, inductors, inte-
grated circuit design, integrated circuit modeling.

HE explosive growth in the commercial wired telecom
T munications market has generated tremendous interesP
low-cost implementations of radio-frequency (RF) broad-bar¥
receivers. The performance of such a receiver's front end

determined to a large extent by the preamplifier. Traditionally, . o
this preamplifier has been fabricated in expensive GaAs a prove the performance of a transimpedance preamplifier. A

silicon bipolar technologies. However, the quest for Iow—cogtro.tOtype preamplifjer, intended for gigabit optical communi-
solutions in the commercial market has spurred a desire to i tion systems, 1S |mpIement¢d n a QLB} CMOS Process.
plement RFIC's in standard CMOS technology. An additionf;\rl euse of on-ch|p_shunt pea_k_lng permits 40% increase in the
advantage of these CMOS processes is that they permit {@jmmpedan_ce_ with no additional pawer dissipation. The op-
integration of the analog and digital components, the holy gré'irlmzed on-chip inductors only consume 15% of the total chip
for “system-on-chip” solutions. The performance of cmodead . . _ .
technologies is improving constantly and consistently, thanks toSchon VIl summarizes the main contributions of this paper.
the scaling achieved by the highly competitive microprocessor

market. In fact, submicrometer CMOS technologies now

exhibit sufficient performance for radio-frequency applications Il. SHUNT PEAKING

Although inductors are commonly associated with
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Fig. 1. Shunt peaking a common source amplifier. (a) Simple commc \\\\\
source amplifier and (b) its equivalent small signal model. (c) Common sour -20 r \‘\ b
amplifier with shunt peaking and (d) its equivalent small signal model. \‘\\
—-30 N 4
dominant pole, which is determined solely by the output loz . w0l 1
resistance? and the load capacitan€e[Fig. 1(b)] ki '\
& 50t . 1
Vout (CU) _ ng (1) \\‘ \\
Vin 1+ jwRC’ —60 |- N ™ _
. . . . . . . —— No peaking N, =3
The introduction of an inductandein series with the load resis- —70 | | == Optimum group delay . ~
. . . \s
tance alters the frequency response of the amplifier [Fig. 1(c — =~ Maximally flat ~.]
This technique, called shunt peaking, enhances the bandwi —80 ¢ | —-— Maximum bandwidth .
of the amplifier by transforming the frequency response fro % L . L .
that of a single pole to one with two poles and a zero [Fig. 1(d 0 02 04 06 08 10 12 14 16 18 20
R Normalized frequency
Vout (w) = gm(R + jwl) )
Vin 1+ jwRC — Ww2LC’

Fig. 2. Frequency response of shunt-peaked cases tabulated in Table 1
The poles may or may not be complex (although, they areg quencyresp P

complex for practical cases of bandwidth extension). The zero
is determined solely by the/ R time constant and is primarily
responsible for the bandwidth enhancement.

The frequency response of this shunt peaked amplifier is char- TABLE |
acterized by the ratio of the/R and RC' time constants. This PERFORMANCE METRICS FOR SHUNT
ratio is denoted byn so thatL = mR2C. PEAKING

Fig. 5 illustrates the frequency response of the shunt-peaked Factor (m) | Normalized wigp Response
amplifier for various values ofn. The case with no shunt 0 1.00 No shunt peaking
peaking(m = 0) is used as the reference so that its low-fre- gif i?g Optﬁ‘“‘?‘ group delay

. . i E . aximally flat

quency gain and its;3 g (3-dB bandwidth) are equal to one 071 135 Marimum bandwidth

(RC =1 andg,,R = 1). The frequency response is plotted for
the values ofn listed in Table I [1].

As expected, the 3-dB bandwidth increasesraBicreases.  Another interesting case occurs whan= 0.32. As seen in
The maximum bandwidth is obtained when = 0.71 and the phase plot, this best approximates a linear phase response
yields an 85% improvement in bandwidth. However, as can bp to the 3-dB bandwidth, which is 60% higher than the
clearly seen in the magnitude plot, this comes at the cost of s@@se without shunt peaking. This case, called dpimum
nificant gain peaking. A maximally flat response may be olgroup delay caseis desirable for optimizing pulse fidelity in
tained form = 0.41 with a still impressive bandwidth improve- broad-band systems that transmit digital signals and is used in
ment of 72%. the prototype preamplifier described in Sections V and VI.
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[Il. ON-CHIP SHUNT-PEAKING and mutual inductances of the segments of the spiral using the
method of moments, the complexity of the calculation goes

pas the square of the product or the number of sides and the

challenges for implementing monolithic gigahertz circuitry. | umber of tums. Thus, although the Greenhouse method offers

shunt-peaking applications, the biggest issue is the reduct%ﬂ"ment accuracy and adequate_ _spe_ed, It ca_nnot provide an
in bandwidth improvement because of the additional parasi ¥ uctor design direcily from specifications and is cumbersome

capacitance introduced by the on-chip inductor. On-chlB" initial design. We overcome this limitation by using the
inductors are usually realized using bondwires or on-ch mple, analytical inductance expressions described in [11],

spirals. Although bond wires exhibit much higher qualit hich exhibit typical errors o=2-3% when compared to

factors(@) than spiral inductors, their use is constrained by t eexperlmental data and_ f'eld_ solvers. When com_blned with the

limited range of realizable inductances and large producti |oed7r model _descrl_bed_ |n_[6], these expressions allow_ the

fluctuations. Furthermore, the bondpad capacitance associa(?ngeer to obtain ole5|gn insight and explore tradeofis qU|cI_<Iy

with the bondwire can degrade performance. This capacita oasﬂy. Thus, field solvers are now only needed to verify

is typically =70-200 fF, which is significant for gigahertzt € final design.

circuitry considering that the maximum realizable inductance

is only =4 nH. Thus, although bondwires have been used Bs Shunt Peaking with Spiral Inductors

shunt-peaking elements, the net improvement in bandwidth ) _ _ _ )

is only =10-15% [2]. Moreover, differential implementa- In this section, we d|scuss_onew deS|_gr_1 methodology for in-

tions of shunt-peaked amplifiers experience a degradationtﬁgrated shunt-peak_ed ar_n_phﬂers that minimizes the adverse ef-

power-supply rejection ratio (PSRR) because of the inductarf€&tS due to the nonidealities of an on-chip spiral.

mismatch between the two bondwires. Fig. 3 illustrates how the inductdp can be made irrelevant
On the other hand, spiral inductors exhibit good matching aRY Partitioning the total load resistansebetween the inductor's

are therefore suitable for differential architectures. FurthermoR€ies resistancgfz;) and the external resistance, which now

they permit a large range of inductances to be realized. Howei@kes on the value afi — R, ). Now that the series resistance

they possess smallér values and are more difficult to model. Of the spiral is part of the load, the inductor's turn width
and spacing can be minimized to permit the desired induc-

tance to be realized while minimizing the spiral area and ca-
A. Modeling of Spiral Inductors pacitance. The minimum widt is now determined by current
density considerations, while the minimum turn spagitigset

The inductance as well as the parasitic elements of a spipgl lithography limitations.
inductor are determined by both the parameters of the inductoiThe desired inductance is now a function of both the tran-
and the process parameters. The geometry of a polygonal spsiator's and inductor's parasitics as well as the load capacitance
is defined by the following lateral parameters: the outer diamand external resistance. Thus the optimization of on-chip shunt
eterd,,, the conductor widtho, the conductor spacing the peaking requires the simultaneous optimization of passive and
number of turns:, and the number of sides in the polyge[B]. active components. We facilitate this optimization problem by
While square spiralép = 4) are the most popular because ofising ther lumped model and inductance expressions discussed
the ease of their layout, hexagorial= 6), octagonalp = 8) earlier and by using a patterned ground shield (PGS) to elimi-
spirals have also been commonly used [4]. nate the resistive and capacitive coupling to the substrate [12].

The parasitic elements of an on-chip spiral entail importaAithough magnetic coupling to the substrate still exists (via
engineering tradeoffs. For example, while a latgand a large eddy currents), it is not significant for frequencies up to 2 GHz
doyt are desirable for minimizing the series resistance of[8], especially since the design methodology described in this
spiral, a smalkw and a smalll,,; are required to minimize the paper allows the area of the spiral to be dramatically reduced.
spiral's area (as well as its parasitic capacitance). A sipall In many inductor circuits, one terminal of the spiral is con-
is also desirable to minimize the resistive loss due to magnetiected to incremental ground. In such cases, the spiral (with
coupling to the substrate [5]. Thus, spirals need to be modelR&S) is well represented by the elements within the dashed box
properly to permit the designer to choose the optimal inductior Fig. 3 [12], [13]. Now, the inductor design problem boils
for a given application. down to choosing the geometrical parameters of the spiral such

While field solvers can model spirals accurately, they are ithat the desired inductance is obtained while minimizing the
convenient because they cannot be incorporated in a standaagacitance”;,,q. The next section discusses the optimization
circuit design environment (such as SPICE). Thus, significamtethod used in this process.
work has gone into modeling spiral inductors using lumped cir-
cuit models [6], [4], [7], [8]. In this paper, we use the simple and
well-accepted lumped model proposed in [6].

Although the parasitic resistors and capacitors in this model V. OPTIMIZATION VIA GEOMETRIC PROGRAMMING
have simple physically intuitive expressions, the inductance
value itself lacks a simple, accurate expression. The inductanc&his section presents an efficient method for the optimal de-
has typically been calculated using the Greenhouse mettgigh and synthesis of RF CMOS inductor circuits. The method
[6], [9], [10Q]. Since this method operates by summing the sel based orgeometric programming

The nonidealities of on-chip inductors present severd
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inductor circuits can be formulated in a way suitable for geo-
metric programming [13]. For a polygonal spiral with a given
number of sides (which in our case is four), the design vari-
ables that characterize the inductor drg;, w, s, n, andd,..
Note that this is a redundant set of variableslags = dou: —
nw — (n — 1)s. Some of the design variables are discrete for
practical designs. For example,is restricted to be an integer
multiple of 0.25 for a square spiral. During optimization, we ig-
nore these rounding restrictions and consider the variables to be
continuous. After optimization, the design variables are rounded

to the closest grid point. We have not observed any significant
% error because of the rounding operation.

Each element in the inductor's lumped circuit model is a

Tout posynomial function of the design variables and multiplicative
_J_ J_ constants (which are determined by the frequency and the
' technology). For example, the inductance of the spiral is given
LIA—{ |: I Ca ___L_ Cloa by a monomial expression that has the form [3]
I c, 1 Lyon = BdiLw™? daogn ™t s (4)

where the coefficientg and«; are determined by the number

Fig. 3. Shunt peaking with optimized on-chip inductor. of sides of the polygon. For a square= 1.62 - 10737 ap =

_ , —1.21, ap = —0.147, a5 = 2.40, ay = 1.78, and s =
A. Geometric Programming —0.030.
Let g be a real-valued function of real, positive variables  The key to optimizing inductor circuits using geometric pro-
T1,Z2,...,%y. Itis called anonomiafunction if it has the form gramming is to formulate the design specifications as monomial
v o and poynomial functions of the design variables (of the induc-
g(x1;. 0 on) = caftal? -y tors as well as the transistors) in a manner conforming to (3).

Such formulations for a variety of inductor circuits (including
shunt-peaked amplifiers) are presented in [13], [18], and [19]. In
gpis paper, we outline the optimization methodology and focus
on the circuit implementation details.

wherec > 0 anda; € R. A posynomials a sum ofmonomials
Thus, for example2.3(z1/x2)!® is @ monomial and).7 +
2z, /z% + 292 is a posynomial. Posynomials are closed und
sums, products, and nonnegative scaling.

A GP has the form

o V. DESIGN EXAMPLE
minimizefo(z)

subjecttof;(z) <1, i=1,2,....m This section illustrates how optimized on-chip spiral induc-
gi(x) =1, i=1,2,....,p () tors can improve the performance of a preamplifier intended
2 >0, i=1,2,....n for the front end of a gigabit optical system. Fig. 4 shows the

_ _ . block diagram of a typical optical communication receiver. The
v_vherefi are posynom|gl functpns anfl are.monom|al func- key performance parameters of such a front end are bandwidth,
tions. If f is a posynomial ang is a monomial, then the con- g ngjivity, stability, and dynamic range. The system's band-
straint f(x) < g(x) can be expressed d¢x)/g(x) < 1 (Sinceé yiqih and sensitivity are determined largely by the preampli-
f/g is posynomial). From closure under nonnegativity, Cofjer (20][22]). While a high bandwidth demands a small input
straints of the formy(«) < a, wherea > 0, can also be used. yogjistance, good sensitivity requires the resistors in the signal
Slmlllarly, if g1 andg are both monomial functions, the Cor"path to be large in order to minimize thermal noise. Thus, the
straintg; () = g2(z) can be expressed gs(z)/g2(z) = 1 preamplifier is typically implemented using a transimpedance

(sinceg: /go is monomial). architecture, as it provides a large bandwidth by synthesizing a

For our purposes, the most important feature of geometdg, | input resistance using a much larger feedback resistor.
programs is that they can beglobally solved with great

efficiency. GR s_olutior_l algorithms also d_etermiqe whethey Transimpedance Limit

the problem is infeasible. Also, the starting point for the ] ] )
optimization algorithm does not have any effect on the final Fi9- 5(@) illustrates the main elements of a transimpedance
solution; indeed, an initial starting point or design is completeRréamplifier. Assuming that the bandwidth of the amplifier is
unnecessary. More information on geometric programmmiitgt PY the input pole, we obtain

can be found in [15]. 1

L o w?’dB:R.O
B. Optimization of Inductor Circuits in’~in

®)

Several circuit design problems may be posed as geometsigerews; 45 is the 3-dB bandwidth of the circuiR;, is the input
programs [16], [17]. In particular, the design specifications @&sistance, andy, is the total input capacitance.
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Ry, is given by ®
Ry
R. — R f R i ( 6) MM
mTA+1T A
where Ry is the feedback resistance aridis the open-loop q) %o L{ A
gain of the amplifier. The approximate expression is valid when = T
A> 1 =
Cin is given by ' P - o
Photo Common-gate Shunt-peaked
Oin = Og + C(D (7) diode stage transimpedance stage

(b)
whereC, is the input gate capacitance of the amplifier &fglis

the sum of the capacitances of the active area of the photo did@e5. (a) Conventional preamplifier architecture. (b) Modified architecture
as well as associated parasitic capacitances (arising from boiEr a common-gate stage preceding the shunt-peaked transimpedance stage.
pads, etc.). In GaAs implementatiord%, can be kept small by
integrating the photo diode and the preamplifier on the same dige transimpedance stage to be sized smaller, enabling a higher
In such technologies, @p as small as 50 fF is common [23].transimpedance to be achieved.
Silicon bipolar and CMOS implementations are not so fortu- Note that the common-gate stage is not necessary to obtain
nate: aC'p of =300-600 fF is typical. the benefits of shunt peaking. If desired, one could connect the
The gain bandwidth product determines the maximum avaghoto diode directly to a shunt-peaked transimpedance stage.
able gain for a given bandwidth. Denoting the transition freSuch an implementation is particularly attractive for applica-
quency asur, we relate the gainl to the 3-dB bandwidtizgg  tions that demand the best achievable sensitivity for a given
w power. However, such an implementation requires the parasitic
An 21 (8) impedance of the photo diode to be known so that the tran-
ws3dB simpedance stage can be sized for optimal performance. The
Substituting (6)~(8) into (5), we obtain a maximum achievabl8troduction of the common-gate stage offers an additional de-
transimpedance  ax gree of f_IeX|b|I|ty for the de3|gner and pgrmlts stabl_e Qperatlon
over a wider range of photo-diode capacitances. This is valuable
Wy ©) in cases (such as our prototype) where the capacitance of the
w3 4p(Cy +Cp)’ photo-diode structure is not known in advance. The drawback
of the common-gate source is the degradation in the high-fre-
Noting that the transconductangg of the input stage is related quency noise performance due to the source junction capaci-
to C, by g,» = wrC,, and that for optimum sensitivitf, ~ tance of the common-gate transistor, an issue that will be ad-
Cp, we conclude that the maximum achievable transimpedargessed more in Section V-E.
is determined by the system bandwidth specification, the total
input capacitance, and the process constant C. Shunt-Peaked Transimpedance Stage

Rf,max ~

Fig. 6 illustrates the shunt-peaked transimpedance stage. The
cascode eliminates the bandwidth degradation due to the Miller

Fig. 5(b) illustrates a modified preamplifier architecture thatapacitance of the common-source stage's gate-drain capaci-
circumvents the transimpedance limit. The transimpedanizce. This degradation is particularly significant in CMOS cir-
stage is decoupled from the photo diode by a common-gatats, where the gate-drain capacitance can be as high as one-
stage, and the gain-bandwidth product of the transimpedartbid of the gate-source capacitance. The cascode also enhances
stage is enhanced by shunt peaking. Now, the sensitive fedte overall gain by increasing the stage's output impedance.
back node of the transimpedance stage is more robust a¥he dominant pole in the amplifier occurs at the drain of the
its poles are not determined by any off-chip componentsascode transistor. The bandwidth of the amplifier is improved
Furthermore, the common-gate stage permits the transistordpfipplying shunt peaking at this node. The inductors, resistors,

B. Circumventing the Transimpedance Limit
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of 2.1 um, and was implemented on the third (top) metal layer
with thickness 2.Jum. The shunt peaking yielded a 40% in-
crease in the transimpedance of this stage (for a fixed signal
bandwidth) with no additional power dissipation. Alternatively,
the shunt peaking could have been used to increase the signal
bandwidth for a fixed transimpedance.

D. Differential Architecture

Compared to differential architectures, single-ended archi-
tectures consume less power, take up less die area, and exhibit
better noise performance. However, at high frequencies, they
are susceptible to supply noise and are plagued by stability
l: problems stemming from parasitic feedback paths. By pro-

viding good common-mode rejection, differential architectures

circumvent these disadvantages, and are therefore preferred

in systems where the integration of the analog and digital
I% functions is the ultimate goal. In keeping with this premise,

the architecture described here is fully differential and pro-
vides complementary outputs, which is a necessity given that
high-speed digital and clocking circuitry operate in differential
Fig. 6. Shunt-peaked transimpedance stage. mode.

Fig. 7 shows the schematic of the complete prototype

and transistors are sized for optimum group delay over the sigR§FamPlifier. The common-gate (CG) stage is followed by the

bandwidth. The design methodology can be summarized as fgpmmon-source (CS) ransimpedance stage, whose output goes

lows: to a source follower that buffers the output driver. The output

1) Desi d ontimize t _ q N for desi driver is only needed for testing purposes and is not needed nor
) ESIgN and oplimize transimpedance stage for desiiglgiraq jn g system where the analog and digital components of
signal bandwidth without shunt peaking.

) . o ) a receiver are integrated.
2) Design opﬂmal_ spiral inductor: ) The chip consumes a total of 225 mW, of which the(50-
a) use transistor current and interconnect current deg\iput driver consumes 110 mW. For optimum sensitivity, the
sity specification to determine inductor's turn widthgtg) power consumption of the common-gate and common-

tin

1L 1L
¥Cm T

w, _ . ) source stages is roughly proportional to the photo-diode capac-
b) determine minimum turn spacingfrom process jtance. This preamplifier has been designed to operate with an
specifications; external capacitance as large as 600 fF. The need to support such

¢) choose number of turns and outer diametéfou: 3 |arge capacitance arises because the photo diodes are external
to realize optimum/, while minimizing parasitic g the chip with correspondingly large bondpad capacitances.

capacitance and area. Recent research has explored flip-chip bonding techniques for
3) Increase the transimpedance resistaligeand the total reducing the capacitance loading of the front end to less than
load resistancé. 100 fF. Such a low input capacitance would permit a higher

In a manual design process, a few iterations may be requiiggut impedance and therefore allow smaller devices to be used
over these steps to arrive at the optimal design. This is becati¥®ughout the preamplifier, resulting in a substantial power
the presence of feedback, along with the presence of inducsarving, while retaining the same bandwidth and improving sen-
and transistor parasitics, results in a more complex frequersiijvity. Alternatively, the reduced capacitance would allow the
response compared to the single-zero, double-pole systé@sign of preamplifiers with increased bandwidth supporting
described earlier. Nevertheless, the simple treatment discustsstier baud rates.
earlier serves as an excellent starting point and permits the i .
engineer to rapidly converge upon the final design. E. Noise Considerations

The availability of a lumped inductor model (with analytical The sensitivity of the preamplifier is usually expressed as the
expressions for all elements including the inductance) and thguivalent integrated input-referred current noise density. Sig-
use of geometric programming allows this entire design and agficant work has gone into deriving the minimum noise con-
timization process to be automated so that no iteration is neediibns for conventional optical preamplifiers [20], [24]. Some
on the part of the designer. The geometric programming agtudies have also investigated how inductors can increase the
proach enables all three of the above steps to be accomplishedsaitsitivity of optical preamplifiers implemented in GaAs [21].
multaneously (with a few simplifying approximations), thereby The noise performance of the CG input stage followed by
yielding a globally optimal solution very quickly. the CS transimpedance stage has been studied in GaAs HBT

In our case, this optimization method allowed a 20-nH irand BiCMOS processes [25]. Although a simulation involving
ductor to be realized with an outer diameter of only }80. a single-ended CMOS version was reported, it ignored the ef-
This inductor had 11.75 turns, a width of 31th, and a spacing fects of the source and drain junction capacitances and did not
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consider the impact of short-channel effects on small signal b
havior and noise [26].

Junction capacitances in submicrometer CMOS process
are comparable to the gate capacitances and therefore s
nificantly influence both noise behavior and bandwidth. A
rigorous analysis that includes the impact of the junctior
capacitances and short-channel behavior yields two conc
tions for a noise optimum. First, the saturation-mode gat
capacitance of the common-source stage must equal the s

uration-mode drain capacitance of the common-gate stage
thatCys cs + Cea.cs = Caa,ca + Cab,ce. Second, the satura-

tion-mode input capacitance of the common-gate stage (whic
is the gate-source capacitanGg cc plus the source-substrate

capacitance’y, c;) must equaliCey, Wheres ~ 0.8 — 1. 38

is a function of both devices), their coefficients of channel Fig. 7. Simplified circuit diagram.

thermal noise(y), and their ratios of junction capacitance to
gate capacitance, all of which are bias dependent. For a typi
CMOS device in saturatiofi{ss + Cq,) is around three to four
times as big a§Cyq + Cap), and therefore the common-source
stage can now be sized smaller, allowing a correspondi
increase in the feedback resistance and a dramatic decreas:
power consumption, while retaining the same devige The
buffer stage that follows the common-source stage can also
sized smaller, as can the width of all the interconnects, resulti
in a smaller die area. The transconductance of the common-¢
stage only needs to be large enough to ensure that the in
pole is nondominant, enabling the power consumption of tl
first stage to be small.

The introduction of the common-gate stage introduces thr
new noise sources: the thermal noise of the source resistor,
thermal noise of the drain resistor, and the thermal channel nc
of the common-gate transistor. Of these terms, careful des

ensures that the resistors are made large enough so as nt
significantly affect the noise performance. The thermal chanr
noises of the common-gate and common-source devices are ic-
flected at the input by equivalent current noise spectral dengjg g
ties proportional to the square of the frequency. When integrated
over frequency, these thermal channel noise terms dominate, a
behavior typical of short-channel CMOS processes, where car-
rier velocity saturation conditions cause thermal channel noise
to increase due to excess noise stemming from hot electron
effects [27]. Balancing that degradation is the continuing re-
duction in gate length delivered by highgr CMOS devices,
thereby improving noise performance. However, carrier velocity
saturation causes the small signal transconductancef(grd

be smaller than that predicted by long-channel (square-law) ap-
proximations.

VI. LAYOUT AND EXPERIMENTAL DETAILS

As shown in the die photo (Fig. 8), the chip area is domi-

Preamplifier die photo.

Impedance (£2)

1000

® real(ZL) measured
—-—- real(ZL) predicted

4 imag(ZL) measured
imag(ZL) predicted

600 |-

0 0.5 10 15 2.0 25 3.0
Frequency (GHz)

nated by the passive components, which is typical of RFIC'sig.9.  Simulated and measured one-portimpedance of the spiral inductor used
However, the two inductors combine for less than 15% of tHgl shunt peakingd,, = 180 pm, n = 11.75 tums,w = 3.2 pm, s =

total area, thanks to the optimized shunt-peaking technique deé-
scribed in the earlier sections. A patterned ground shield is used

pm, andt = 2.1 gm with L = 20 nH.

beneath the inductors to reduce substrate coupling [12]. Difféematic offset. On-chip capacitance of 16 pF is used to provide
ential symmetry and cross quad layout are used to ensure msxpply decoupling. Several substrate contacts, placed around the
imum matching, thereby reducing common-mode noise and syransistors, minimize source inductance. The floor plan keeps



MOHAN et al: BANDWIDTH EXTENSION IN CMOS 353

1800 T T T T T " T " T T T

1600

S
© 1400 e
2 \
@
'8 \\\\ N
g —=-==-—* Cpp = 100fF
g 1200
& —e=wse=s Cpp = 300fF
""""" Cpp = 500fF
1000 -
Cpp = T00fF
800 I 1 ) 1 N 1 ) 1 L
0 0.2 0.4 0.6 0.8 1.0 1.2

Frequency (GHz)

Fig. 10. Simulated transimpedance versus frequency.

the sensitive input bondpads as far away from the other pads as 120
possible. 50 :
The S-parameters of the inductor were measured using
coplanar ground-signal-ground (GSG) probes and an open cal- 40 |4
ibration structure. The inductance and the one-port impedance 5 ;
(which is the relevant measure in our amplifier) were extracted g 0
from these measurements. —40
As shown in Fig. 9, good agreement between the prediction of
the lumped circuitinductor model and measured data is obtained -80
for the equivalent one-portimpedance of the spiral inductor used S .
for shunt peaking. In particular, we note that the measured in- 16T 62 63 62 65 66
ductance of 20.5 nH matches the 20.3-nH value predicted by our ns

simple inductance expressions to within a 1% error. @

Fig. 10 shows the preamplifier's simulated transimpedance
versus frequency for photo-diode capacitances varying from
100 to 700 fF. As can be seen, the 3-dB bandwidth is around
1.2 GHz and only weakly dependent on the photo-diode ca-
pacitance. Maximum gain peaking is 1 dB. These simulations
are run with the output driving a 5Q-resistance and 1-pF
capacitance.

Fig. 11(a) and (b) displays the measured single-sided output
eye diagrams for operation at 2.1 and 1.6 Gbaud, respectively.
An open eye is obtained for single-sided output voltages ex-
tending from 4 to 500 mV. Table Il summarizes the performance
of the prototype chip.

VIl. CONCLUSION

This paper presented an area- and power-efficient techniaFue 1M d di 21 and (b) 1.6 Gbaud
for boosting the bandwidth of broad-band systems using optfg' + Measured output eye diagrams at (a) 2.1 and (b) 1.6 Gbaud.
mized on-chip inductors as shunt-peaking elements. Simple, ac-
curate inductance expressions were used in a lumped circuittimbe posed ageometric programso that globally optimal so-
ductor model to facilitate circuit design. The analytical expredtions could be obtained easily, with no iteration needed on the
sions of this inductor model permitted inductor circuit problemgart of the designer.
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