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A 1-V Transformer-Feedback Low-Noise Amplifier
for 5-GHz Wireless LAN in 0.18:m CMOS

David J. CassgrMember, IEEEand John R. LongMember, IEEE

Abstract—A low-noise amplifier (LNA) uses low-loss monolithic Vbp
transformer feedback to neutralize the gate—drain overlap capac-
itance of a field-effect transistor (FET). A differential implemen-

tation in 0.18-um CMOS technology, designed for 5-GHz wireless Z 0AD
local-area networks (LANS), achieves a measured power gain of

14.2 dB, noise figure (NF, 52) of 0.9 dB, and third-order input Vour
intercept point (IIP3) of 40.9 dBm at 5.75 GHz, while consuming Vgias #—1[, M,

16 mW from a 1-V supply. The feedback design is benchmarked

to a 5.75-GHz cascode LNA fabricated in the same technology that

realizes 14.1-dB gain, 1.8-dB NF, and 11P3 of-4.2 dBm, while dis- Vino— M,
sipating 21.6 mW at 1.8 V.

Index Terms—Feedback amplifier, low-noise amplifier (LNA),

low-voltage design, monolithic transformer/inductor, neutraliza- @
tion, RF CMOS, wireless LAN. VDD
|. INTRODUCTION Z oAD
S THE supply voltage of digital circuitry shrinks with
technology scaling, RF circuit topologies that operate at Vour

voltages at or below 1V are required. This is because integration
of analog/RF and digital circuitry on the same die is desirable
from both cost and packaging considerations. As operating
frequencies increase, amplifier designers can no longer neglect Iias
the effects of the field-effect transistor (FET) gate—drain overlap
capacitanceC,q on performance since it is comparable in ®)
magnitude to the gate—source capacitance in deep-submicron _ S . _ _
CMOS technqlogiei'e.Feedbgck .Vic’:ng is reduced using. a F)g"S]E)'uriﬁﬂ?ﬁ;ﬂgﬂggﬂ%&gttechnlques. (a) Telescopic cascode technique.
cascode configuration, which is arguably the most widely
used topology for RF low-noise amplifiers (LNAs) in CMOS
technology [1]-[4]. Particularly, all CMOS LNAs reported togain and dynamic range are not compromised when only a
date for 5-GHz wireless local-area networks (LANs) emplogingle active device is used.
cascode topologies [5], [6]. Although these implementations Section Il of this paper introduces the conceptgf; neu-
meet wireless LAN performance requirements, a two-transistélization in the context of RF amplifier design. Section llI
stack is not optimal for operation at the lowest possible supgiyesents a theoretical analysis of the transformer feedback
voltage. The feedback amplifier presented in this paper empl@@plifier topology and derives the condition required for neu-
reactive negative feedback through an on-chip transformerttglization. Design of a conventional differential cascode LNA
neutralizeC, 4, while also allowing a drain-source bias voltagéd meet comparable RF specifications is then presented in
equal to the supply voltage (i.eVps = Vpp). As a result, Section IV. Implementation of both feedback and cascode am-
plifiers in the same technology allows for a direct comparison
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@ (b)

Fig. 2. Neutralization circuit techniques. (a) Differential neutralization technique. (b) Inductor-tuned technique. (c) Transformer-feedbiagie.

in a common-source configuration. Sin¢g,; degrades am- throughCy is equal in magnitude and opposite in phase to the
plifier performance, it is natural to look for ways to reduceurrent flowing throughCy, (if Cn = Cy4), which achieves
its effects. Circuit techniques that mitigate the effect(§f; neutralization. This topology requires differential drive of the
are usually grouped into two categories: unilateralization amgnplifier and relies on precise matching@§ andCyq. Fur-
neutralization. thermore, signal flow througfi'y is actually positive feedback

Unilateralization decreases reverse signal flow and, thubat can cause instability @y does not exactly equély, (i.e.,
coupling between output and input ports of an amplifier. Caa-net positive feedback can result fox; > Cy4). Neutralizing
coding of a common-source and common-gate stage [Fig. 1(@pacitors’y also double the effective capacitance at the input
is a common unilateralization technique. Another possible urgind drain nodes by’,4, which adversely affects gain, band-
lateralization topology is the source-coupled amplifier, whiclidth, and terminal impedances.
is a cascode of source—follower and common-gate stages ashe circuit of Fig. 2(b) uses an inductbrto resonate with
shown in Fig. 1(b). Both the cascode and source-coupled aff;. This technique is usually impractical for monolithic im-
plifiers reduces the voltage swing acr@sg; by concentrating plementations because the required value of inductance is too
the amplifier’s voltage gain across a common-gate stage. Millarge to be integrated (i.el, = 38 nH for a 6x 10 xm/0.18um
multiplication of Cyq seen at the common-source input and itSET at 5.75 GHz). Furthermore, the bottom-plate parasitic ca-
adverse affects on bandwidth are thereby reduced. A two-stg@geitance of the required dc-block capacitOg{c in Fig. 2(b)]
design also improves reverse isolation, which increases stabigverely loads the gate and drain nodes, which reduces the for-
and allows for simpler matching network design in an R®ward gain through the transistor transconductance. This, com-
application [7]. However, the second stage occupies voltagmed with the low quality factor) of a monolithic inductor,
headroom, introduces additional noise, and is potentially uimcreases the amplifier noise figure.
stable if the gate of the second stage is not at small-signal
ground.

Neutralization cancels signal flow through, by adding ad-
ditional signal paths around the amplifier so that the net signalAn alternative approach to neutralization uses transformer
flow through Cyq and the additional signal path is zero. Thigeedback, which introduces magnetic coupling between drain
increases forward gain and reverse isolation for a given powaerd source inductors of a common-source transistor, as shown
consumption, but does not necessarily reduce the effeCfpf in Fig. 2(c). Feeding back a portion of the output signal via the
on the input capacitance. Three example€'f neutralization transformer can effectively cancel the feedback from output to
are shown in Fig. 2. Fig. 2(a) uses neutralizing capacittgs input through the Miller capacitanc€’f,) and neutralize the
to cancel the signal flow througti,; [8]. Since the drain volt- amplifier. The circuit parameters that define this condition are
ages of the differential pair are 18@hase shifted, the currentderived in Sections Ill-A and B.

Ill. TRANSFORMERFEEDBACK LNA
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Lm1 to the complex conjugate of the impedance seen looking into
the FET gate when the input is impedance matched to the gen-
erator.Zy, represents a composite load impedance (¥g.=
1/(sCrung)l|ras||1/(sCap)) that models loading on the output
node. The approximation tha is connected between drain
and ground is used to include its loading effect on the output
node but neglects the signal flowing into the FET source node.
Since the impedance at the source terminal is relatively small,
this results in minimal loss of accuracy.

The forward signal-flow graph, derived from the small-signal
model, is shown in Fig. 4(b). The input signal is the FET gate

Cm1 Luq .
VoL

Fig. 3. Differential transformer-feedback LNA schematic. voltage V;, and the error signal is taken as the gate—source
voltage V,,. The signals are taken to sum at nodg. The
A. Analysis primary active path consists of a voltage divider between the

gaate and gate—source voltage of the transistor (@athwhich

transformer as shown in Fig. 2(c) adds negative feedbaa%(dtes the FET voltage-controlled current source and results
which can be appreciated by applying a small positive td a voltage at the output node via active path Feedforward

voltage at nodé/x. The increased drain current lowérgyr through the transformer is reprgsented_by p[é;han_d feedbac_:k
or, equivalently, increases the ac voltage drop aciassThis through the transformer bi/.,. Sinceh,, is a negative quantity
causes the voltage across the primaty to also increase butin (e, !nvert|ng tr.ansformer)., the fee(_jbe_xck path Sl_JbtraCtS frc_)m
the opposite direction due to the inverting wiring configuratioﬂ;e signal applied at the input. This is the desired negative

(indicated by the dots). Thereford,, decreases, which is edback signal; it reduces the transistor gate-source voltage,

negative feedback. Note that this is in addition to the reducti(?ﬂereby reducing amplifier gain. The remaining path is a passive

of V,s by inductive degeneration aloAe.The benefits of eedfor_ward path via the FET gate—drain overlap. capacitance
negative feedback in amplifier design are well known, far¢: Since the overlap capacitance connects directly to an
example, transformer feedback has been shown to increase'ﬂ?gpendem voItagg soursg, feedback througlt;q does not
linearity of a common-emitter LNA in [9]. affect the forward. signal-flow graph. . .

A simplified schematic of the differential transformer-feed- The v_oltagg ga_urAV, can b.e compute}j either by signal-flow
back LNA is shown in Fig. 3. The differential design reduces thqeraph simplification or by using Mason’s rule [10]
effect of ground path parasitics and increases common-mode Vour Ge + Gi(Ga + Go)

Magnetic coupling between the input and output using

rejection. Primary and secondary inductantes and Las im- V= v, -~ H, (G, + G,)

plement a differential transformer with magnetic couplitig B(s) 41

Elements”;; andL 1 implement arh-section input-matching ~(Z1l1Z4a)B(s) = (Z1]|Zga) ( n ) + 21l Zga
network andCryxg resonates with the secondary inductance  ~— B(s)(ZilZga) | (B(s) + V)(ZLlZga)

of the transformer at the operating frequency. For the following Zgs + n + n2

analysis, these components can be neglected. 3)

Since the amplifier is excited differentially, the half-cir- i _ _
cuit concept can be applied, resulting in the single-end¥fiere anideal transformer is assumed a0 = g,,, Z,, isthe
small-signal equivalent circuit of Fig. 4(a). Ah-parameter FE_T current gain. The numerator in (3) consists of the ampllfler
transformer representation [Fig. 5(a)] is used to allow fdfainreferredtothe gate currentofthe FET (il@w = N(s)iy)
varying levels of complexity in transformer modeling. Thénd the denominator defines the impedance seen looking into

transformerh. parameters are given by the gate of the FET (i.el, = D(s)i, = D(s) = Vy/iy).
The numerator consists of three components: the active gain
hiy =s(1 —k®)L1y =0 hyp = =k ~ -t (1) through the transistor transconductance, passive feedforward
n n through the transformer, and passive feedforward thravgh
hoy _k ~ 1 oy = 1 ~0 (2) respectively. From this result, it is clear that bilateral signal
n.on sLao flow through the transformer complicates the operation of the

where the equality in (1) and (2) applies for nonideal magnetiansformer-feedback LNA, even when considering an ideal
coupling and the approximation for an ideal transformer. Theansformer. However, the feedforward signal through the
transformer turns ratio is given by = /Ls2/L11 and the transformer does not subtract from the amplifier voltage gain,
transformer coupling coefficient by = M/(\/L11L22) [10].  but feedforward througly,,; does, suggesting that these signal
In later stages of desigri parameters from electromagnetiqaths can be designed to cancel. The condition required for
simulation or measurement can be converted inparameters. amplifier neutralization, however, is not obvious from these
Impedances/,; andZ,, represent FET capacitanc€§, and results.

Cya, respectively. Source impedankg. is the impedance seen  The condition required for neutralization is derived from the
looking toward the generator from the FET gate, and is equalerse signal-flow graph of Fig. 4(c). When considering the

reverse signal flow, output volta is an independent vari-
2Note that the addition signal path in Fig. 2(c) is between drain and sourc 9 P & us P

instead of between drain and gate as in Fig. 2(a). This allows negative feedb e_and the voltage at Fhe FET gé@a a dependgnt variable.
rather than positive feedback to be used to achieve amplifer neutralization. Any impedance connecting the independent variable to ground
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Fig. 4. Signal flow analysis. (a) Small-signal model. (b) Forward signal-flow graph. (c) Reverse signal-flow graph.

li.e., Zr, and1/hye from Fig. 4(a)] has no effect on the re-ization technique practical for monolithic implementations in
verse signal flow and does not appear in the flowgraph. Tlsabmicron CMOS technology.
signal-flow graph has been simplified using signal-flow graph Equation (4) shows close agreement with simulation results.

reduction rules [7] to eliminate the intermediate néddeFrom

Note also that there is no frequency dependence in the neu-

Fig. 4(c), we can see that there are two reverse signal pattadization condition, implying that transformer feedback can
through the amplifier: patti, represents reverse signal flowbe used as a wide-bandwidth neutralization technique restricted
through the transformer and path- represents reverse signalonly by the bandwidth of the transformer. For a given LNA

flow through the gate—drain capacitarcg;. Sinceh;, is a neg-

design, the transformer turns ratiois often constrained by

ative quantity, these two paths can be designed to cancel to niearity, gain, and noise specifications. In these cases, the cou-

tralize the amplifier. Settinglo = —H,, results in
no_ Cys

k' ~ ng (4)

using nonideal magnetic coupling transfornieiparameters.

pling coefficientk is the extra degree of freedom that can be
adjusted to achieve amplifier neutralization. This can be ac-
complished by adjusting the spacing between the transformer
primary and secondary windings.

Therefore, neutralization is achieved when the effecti® Design

transformer turns ratia/k is set equal to capacitance ratio The transformer feedback LNA is designed to adhere to per-
Cys/Cga-® For the 0.18sm CMOS technology used in this formance specifications required for an IEEE 802.11a wireless
work, Cys/Cya ~ 3, S0 a transformer turns ratio of 2.4 and AN receiver operating between 5-6 GHz. The proposed LNA
coupling coefficient of 0.8 can be used. These values can B&formance specifications are listed in Table I [11], [12].

attained using a monolithic transformer, making the neutral- gecayse of the low supply voltagdp, =

1.0 V) and

3The impedance seen looking toward the gener@or. ) factors out of the velocity saturation, linearity is constrained by the maximum
resulting expression, which indicates that it affects both signal paths equallysignal swing before waveform clipping. [Note th&, max
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Fig. 5. Monolithic transformer. (d) parameter representation. (b) Layout.

TABLE |
PROPOSED5-GHz WIRELESSLAN LNA P ERFORMANCE SPECIFICATIONS

Center Frequency 5.75 GHz
Gain (S;) 15dB
Reverse Isolation (-S;,) > 20dB
Noise Figure (NF) < 2dB
Input IP3 (IIP3) 2> 0dBm
Input and Output Impedances 50 Q
Input and Output Return Loss > 10dB
3-dB Bandwidth > 150 MHz
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which is the load impedance that ensures maximum voltage
and current swing simultaneously at the drain node. Note that
Piin max is directly proportional to the bias current and that more
increases linearity and lowers the optimal load resistance. This
result helps to explain why FETs used in RF applications re-
quire relatively large bias currents to achieve sufficient linearity.
A bias current off , = 8 mA is required to achieve an input IP3

> 0 dBmM (Piy max = 5 dBm) from a 1-V supply.

The noise figure of an amplifier depends on the impedance
presented at its input port, and minimum noise figure is
achieved only for the optimum source impedafég,. opt)-
Unfortunately, this impedance is usually not equal to the com-
plex conjugate of the amplifier input impedangg, required
for an impedance match. This suggests a tradeoff between noise
performance and power transfer unless these impedances can be
made equal. For a common-source transistQfe opt ~ —Xin
[8], so this simplifies the design problem to matching only
the real components. For interdigitated FET&,. opt SCales
inversely with the number of fingers [13] whil&;, can be
set by inductive degeneration [14]. Because of the complexity
of the RF circuit models and magnetic coupling through the
transformer, optimizations using computer simulations are
required to accurately st opt = Rin. A FET width of
20x 5 pm and transformer primary inductance of 0.16 nH
result in Reeopt = Rin = 12 Q for the 0.18zm CMOS
technology used in this work. Since this does not equal to the
desired input impedance of 50, arsection matching network
precedes the LNA.This matching network is not implemented
on chip since the loss of a monolithic inductor in series with
the gate would degrade noise performance, and also because in
practical implementations a bondwire inductor could be used
to implement all or part ofL,;;. The impedance-matching
bandwidth is determined solely by the impedance transforma-
tion ratio (i.e.,Q = /50/12 — 1 = 1.8) [8]. The low @ factor
ensures a broad input impedance match.

The monolithic transformer is designed following the proce-
dure outlined in [10] to achieve neutralization [as per (4)] and
the transformer physical layout shown in Fig. 5(b). The trans-
former employs a symmetric (i.e., Rabjohn) winding style and
both the primary and secondary winding are implemented in
top metal to reduce series resistance and capacitance to sub-
strate. A turns ratio of approximately 2 is realized by using two
turns in series for the transformer secondary and two turns in

is roughly 10 dB below the third-order intercept point (|p3§)ara_1llel for the primary.. The_ trapsformer seconda_\ry is shaded
for a third-order nonlinearity.] This allows a load line analysi? Fig- 5(b) for easier visualization. The symmetric layout al-

to be used when designing for linearity, as shown in Fig.

Load Ry, is ac coupled at the output by capacits;g, where

lpws bias to be applied at the winding center taps as they appear
as a virtual ground when the transformer is differentially ex-

Ry, is the impedance of the tuned load at resonance (j.gited. Transformer parametets, = 0.16 nH, Ly, = 0.70 nH,

Ry = Qsecw,Los). For simplicity, the dc voltage drop acros

& = 0.59, andQ... = 6.1, result from transformer dimensions:

both transformer primary and secondary windings is assum@¢fer diameter= 170 um, conductor width= 8 xm, and con-

zero. The maximum linear output power then is given by

I
Plin,max = (VDD - Vls,sat)?D (5)

a value that is achieved by choosing

Rr = M (6)
D

ductor spacing= 1 um. A good 50£2 output impedance match
is attained by adding only a capacitor in parallel with the trans-
former secondarg'tyng to resonate at the operating frequency.
The inherently low output impedance of the topology results in
a low-Q) resonance and allows the amplifier to have sufficient
gain when directly driving a low-impedance load (i.e.,30

4The L-section matching network also provides the conjugate input
impedance to the FET gate when looking toward the generator.
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Fig. 6. Load-line analysis of transformer-feedback LNA.

\_JL
Lm1

Vin+

CM1I L
= S

Veasc GND  OUT-  Vpp GND OQUT+ GND GND

GND

IN+

o

Veasc GND  OUT+ Voo

Fig. 7. Differential cascode LNA schematic. Fig. 8.  Chip micrograph.

on and off chip.QQ> and@; have equal widths and a dual-gate
IV. DIFFERENTIAL CASCODELNA DESIGN layout reduces parasitic capacitance at the common node.

A 1.8-V differential cascode LNA is also implemented iMinimum gate length is used for all devices to maximize device

0.181:m CMOS as a benchmark to allow a direct comparisorf

with the transformer-feedback topology. A simplified schematic Magnetic coupling between half-coils @fp and Ls (Mp.
of the differential cascode LNA is shown in Fig. 7. and Ms) is used to indicate the use of differentially excited

A 6-mA drain current is required to achieve an input IPgymmetric inductors [15]. The use of differential inductors in

> 0 dBm from a 1.8-V supply. Initially, a 1-V design was atthis design decreases chip area and increases performance as

tempted, but simulation results indicated insufficient gain argdggr?m'ﬁl exmtaﬂc:cn resulﬁ} in an increase of appr0>|<|mately
linearity at 5.75 GHz. Inductof., and the width of transistor 6 in the pealq factor. This improvement i) translates

O, are optimized for minimum noise figure. The minimal magglrectly into higher gain or lower power consumption for the

netic coupling between drain and source inductors results in ﬂ;%scor?e LNAS' hof th is sh N h
input impedance more closely matching the equations for in-A chip micrograph of the LNAs is shown in Fig. 8. Both am-

ductor degeneration [14], simplifying the design for minimun‘?"ﬁers are placed in the same p_ad frame and the transformer
noise figure. A FET width of 6 10 um and L, — 0.51 nH and cascode LNA occupy an active area of 9@.6 mn? and

reSUltS iNRyc.ope & Rin = 100 Q. An L-section matching net- 0.3x 0.5 mn?, respectively. The physical layout is pad frame

work (L1 andChyq) is again required to provide the requiredimited' which allows 35 pF of decoupling betweép p .an.d .
50 input impedance with an inpup factor of 3.8. All ele- ground. Note that the cascode LNA requires two monolithic mi-

ments are implemented on-chip except for the input-matchifi strip spirals while the transformer-feedback LNA requires

network inductorL 1. only one.
Inductor L, = 1.6 nH, along with tapped capacitors
(Cy = 412 fF andCy, = 863 fF), implements a tuned load
and impedance matches the LNA output to 80 The gate  All measurements were made under the same bias con-
of cascode transistaf), is connected td/pp to maximize ditions and the same input matching (i.63; condition) to
the drain—source voltage (and, henge) of drive transistor _ _ _ _ _
The differential-mode inductance id.s = (1 + k)L while the

Q_l' The.gate 0fY; is kept at Sma_"'Signal ground '_Oy both the.ommon-mode inductance i€ = (1 — k)L, which also improves
differential topology and decoupling capacitance implementeemmon-mode rejection of the cascode LNA.

V. EXPERIMENTAL RESULTS
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Fig. 12. Measured noise figure with input conjugate matched.
Fig. 10. Measured reverse isolation.

reverse isolation. The minimum isolation of the transformer

obtain a conjugate input impedance match. The small-signdllA is 19 dB and the cascode LNA achieves 32 dB. The
performance of the LNAs was characterized on-wafer frooascode LNA shows an isolation approximately 10 dB greater
four-port S-parameter measurements. Input port matchinban the transformer LNA over the entire frequency range
was accomplished using postprocessing of the measured dexamined. From a system perspective, the local oscillator
On-chip output matching is sufficient to realize a minimunfrequency and its second harmonic are frequencies at which
return loss of 8 and 11 dB for the transformer and cascogdeor reverse isolation can compromise system performance.
LNA, respectively, over a 150-MHz bandwidth centered dtor a heterodyne receiver, these frequencies are far outside the
5.75 GHz. intended radio band, where both LNAs show an isolation greater

The differential-mode gain is plotted in Fig. 9. Both amplithan 30 dB. Furthermore, measurements of a common-source
fiers achieve a maximum gain of approximately 14 dB. This i500-um-wide transistor give a reverse isolation of 13 dB at
1 dB less than the original specifications, but is still adequafe75 GHz, validating the wide bandwidifi,; neutralization
for wireless LAN. The relatively flat response-8 dB band- technique using a monolithic transformer.
width >1 GHz) indicates suitability for wide-band applications Third-order intercept (IP3) measurements were performed
between 5-6 GHz. Gain rolloff at lower frequencies is due tsing /180" microwave hybrids for differential excitation
low-@Q resonant tuning at the input and output ports. The lowand coaxial sliding screw tuners for input port matching.
—3 dB frequency is approximately 5 GHz for both amplifiersResults from the two-tone intermodulation distortion test for
while the upper-3 dB corner lies above the 6-GHz limit of thethe cascode LNA are shown in Fig. 11, as a representative ex-
four-port S-parameter test set. ample. Intersection of the two regression lines defines an input

The reverse isolation is shown in Fig. 10. The plot is takenreferred IP3 point of+4.2 dBm. Similarly, the transformer
over a large frequency range to show the high out-of-bahdNA achieves an input IP3 6f0.9 dBm.
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TABLE I
LNA PERFORMANCE SUMMARY
Parameter Measured Measured SiGe CMOS
Differential Differential single-ended Differential
Transformer Cascode Transformer Cascode
LNA LNA LNA [16] LNA [5]
Frequency 5.75GHz 5.75GHz 2.4GHz 5.15GHz
Transducer Power Gain ( |S21l ) 14.2dB 14.1dB 10.5dB 16dB
Noise Figure 0.9dB 1.8dB 0.95dB 2.5dB
1IP3 0.9dBm 4.2dBm -4.5dBm -11.3dBm*
Supply Voltage 1.0V 1.8V 1.0V 3.0V
Power Dissipation 16mW 21.6mW 2.5mW 48mW
Technology 0.18pum 0.18pm 0.50um SiGe 0.25um
CMOS CMOS HBT CMOS

* Value quoted for receive path (LNA + mixer). LNA linearity must be at least this value.

Noise figure was measured using an HP-8970 noise figure VI. CONCLUSION
m_et_er and input noise matching was accqmplished using coaxial negative feedback transformer neutralization technique
sliding screw tuners. The tuners were adjusted to provide a Cs heen shown to be practical for monolithic implementations.
jugate impedance to the LNA input (i.e., the same conditioy, jmpjlemented 0.18sm CMOS transformer-feedback LNA
under which gain was measured). The resulting noise figure {g¢ars competitive performance to a cascode topology while
both LNAs is plotted in Fig. 12. The minimum noise figure ofeqycing supply voltage and power dissipation. Differentially
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