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Abstract

This paper analyzes different input-matching mechanisms used in designing
the wide-band amplifiers in general, and the low noise amplifiers (LNA) in
particular, and their corresponding noise impact. Among them, the most
promising one is the reactive-feedback circuit configuration, which is a
combination of high-frequency inductive feedback and low frequency
capacitive feedback. In this paper the simulated result that both matched input
impedance and low noise temperature 7» can be achieved simultaneously over a
wide bandwidth in the single-ended low noise amplifier is proved
mathematically and is well interpreted. This understanding of reactive feedback
is crucial for the future development of ultra-wide-band low-noise amplifiers.

Keywords: Input matching, wide-band, LNA, resistive feedback, inductive
feedback, capacitive feedback, reactive feedback.

L. Introduction

High-quality wide-band LNA is in urgent demand in radio-astronomy
community where the design emphasis has been on achieving both small
input reflection coefficient and low noise temperature [1]-[4]. As is well
known, the simplest way of achieving wide-band input matching is by
adding either a shunt or a feedback resistor at the circuit s input stage;
however, the incoming signal attenuation plus the resistor s thermal noise
will make the resulting circuit very noisy. On the other hand, it is true
that a transistor, when a source inductor and an input series inductor were
connected to it, can have matched input impedance and optimized noise
temperature locally. One might thus conclude that the only way making a
wide-band LNA is either by using the balanced circuit configuration, which has
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twice the power dissipation, or by adding a bulky isolator in front of the
amplifier.

However, there is one seemingly inductive-feedback LNA that does exhibit
matched input impedance over wide bandwidth [S]. A rough guessing is
attributing it to the finite isolation of the first-stage transistor and its complex
output loading impedance; thus, by finetuning this loading impedance, the
transistor’s input impedance becomes quasi-constant over a broad bandwidth
[6]. Elaborate circuit simulations further reveal that a transistor with an external
source inductor and an R-C loading impedance does have wide-band matched
input and flat noise temperature. As an extension of our previous LNA work [7],
this paper will investigate several commonly-used wide-band matching
mechanisms and details the newly-proposed reactive-feedback approach, all in
terms of signal and noise respectively.

Section II starts with the small-signal and noise models of a high-electron-
mobility transistor (HEMT). It is then followed by discussions on different
wide-band resistive-feedback circuit configurations, with each has the noise
impact of the added resistor clarified. Section III covers two narrowband
lossless feedback mechanisms: the first is the inductive feedback intended for
high-frequency input matching, and second is the capacitive feedback which has
a matched input at low frequency. In additional to presenting the simulated
results, both circuits” input impedance and noise temperature expressions will
be derived and explained in depth. Only after the discussions on these two
narrow-band mechanisms, the novel wide-band reactive feedback can be
constructed and easily understood.

It needs to be emphasized that the design methodology for wide-band LNA is
different from that of narrow-band one. In the narrow-band case, the targeted
noise match is realized through some input tuning circuit [8]-[10]; in the wide-
band case, since noise match occurs only at high end of the operating frequency
range, the design goal is instead on how to reduce the minimum noise
temperature and noise resistance so the extra mismatched noise can be reduced
[11]. Furthermore, in this paper we do and need to take the effect of the intrinsic
feedback capacitor Cgd into consideration in the circuit analysis; rather than
treat it as a mere detrimental factor while omit it in the mathematical
formulation, as most other authors do.

II. Review of Lossy Input-Matching Mechanisms
A. Transistor’s small-signal and noise models

As the most critical component in the LNA, prior knowledge of both the
transistor’s small-signal model and noise models is necessary in designing the

LNA circuits [12]-[15]. With the transistor operating at the maximum-gain bias
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Fig. 1. Characteristics of the TRW 200-um HEMT. (a) The transistor’s
15-element small-signal model with the intrinsic elements in the
dotted box where the transconductance is Gm exp(jw 7 ) . When
the transistor is biased at V4 = 0.6 V and Iz = 12 mA, there will be
Ce=81F,Rg=34 (), Lg=13pH,Ci=8{F,Ra=2.4 (), Li=14
pH,Rs=08 Q,Ls= 3pH, Cegs=1151F,Ri=0 Q, Cgd=591F, T
=0 pSec, Gm = 175 mS, Ras = 42 (Q, Cas = 10 {F. (b) S-parameters
in dB. (c) 1-20-GHz S:7 and S22 on the Smith chart.
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Fig. 2. Input matching using a shunt resistor. (a) Schematic. (b) Noise
temperature of the transistor circuit with 50-2 input shunt resistor
Rshunt. Tu1 is from Rswun: at 300 Kelvin, Tw2 is from Ras at 2100
Kelvin and T is the overall noise temperature, i.e. Tn = Tni + Tn2.

point, its corresponding 15-element small-signal model can be easily derived
(Fig. 1). The transistor’s noise model is based on Pospiesalski’s proposal
where a temperature 74 is assigned to the transistor’s drain resistor Ras while
temperature of all the other constituting components are set to ambient
temperature Tamb [16]. The underlying assumption here is that there is no
correlation in the intrinsic transistor’s gate noise voltage vg and drain noise
current iz; therefore, vg can be assigned to gate resistor R; and id to drain resistor
Ras with equivalent temperatures of Tgare and Tdrain respectively. Empirically, Tg
is close to Tamb while T4 needs to be very large, e.g. 2000-3000 Kelvin for a
transistor at room temperature. Though, admittedly, this zero-correlation
assumption is not impeccable [17], [18], it makes the following noise analysis
much straightforward and thus more insightful. The formal noise-correlation
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matrix approach is reserved for device physics research and beyond the scope of
this paper.

B. Wide-band input matching using a shunt resistor

While it seems quite a common sense placing a shunt resistor in front of the
transistor to have a matched input over a wide bandwidth, signal loss at the
input plus the thermal noise generated by the resistor itself lead to the inevitable
deterioration of the circuit’s noise performance (Fig. 2). Mathematically, when
a shunt resistor Rshunt (= 1/Gshunt) with temperature Tamb is connected to the
transistor, the circuit’s input admittance is

Yin = Gopunt + Jw Cin
= Gshunt + jw Cgs + .7 w qu [1 + Gm (Rds ” ZO)] :

If Gshun: is far greater than wCin, then Yin is close 10 Gshunr and the wide-band
input matching can be achieved by setting Gsiun equal to the characteristic
admittance Yo.

As for noise, when a generator admittance Yg (= Gg + jBg) is presented at the
input of the transistor circuit, this circuit’s noise temperature can be split into
the noise from the resistor, as 7nz, and the noise from the transistor itself, which
is Tn2. This separation of noise temperature is made possible because of zero
correlation between the two noise sources. By pairing the noise current of Gishun:
to Gg, noise temperature T»z can be obtained and is equal t0 TambGshunt = Gg.
Derivation of the more complicated T»2 expression can be greatly simplified by
assuming a short-circuit output loading, as noise temperature is by definition
independent of the output loading impedance. The overall noise temperature of
the circuit is thus

M

Gs un;
Tn = Tamb #

Tdmin 1 2
+ G;Zr, m {(Gg + Gshu.nt)2 + (Bg + wc’gs + wcgd) ] .

Obviously, the smaller the shunt resistor is, the larger the resulting noise
temperature will be.

@

C. Wide-band input matching using a feedback resistor
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Fig. 3. Input matching using a feedback resistor. (a) Schematic. (b) Noise
temperature of the transistor circuit with 270-() feedback resistor RFs.
Noise temperature T»z is from RFp at 300 Kelvin, Tr2 is from Rds at
2100 Kelvin and Tx is the overall noise temperature.

By connecting the transistor’s gate and drain nodes using a resistor, a
wide-band input matching can be achieved too [19]. Because a much
larger resistor RFe (= 1/GFB) is now used for lowering Suz, improved
noise performance is expected when compared with the aforementioned
hunt-resistor approach (Fig. 3). Mathematically, since both Cgs and RFs
branches are of high impedance for the induced current on the drain side,
these two components can be transformed on the signal perspective into their
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equivalent input shunt counterparts:
Cf\/[iller = ng Gm. [1 + (Rds H Zﬂ)] (3)
GMiller = GF‘B Gm [1 + (Rds ” ZO)] .
For the TRW 200-um transistor, there is [1 + (Ras||Zo)] = 5.375. Thus, instead of
using a 50-Q input shunt resistor for a matched input, a 268.75-Q feedback
resistor can be adopted to have the same effect.

Regarding the noise, the temperature 7»2 due to the drain resistor Rds at
temperature Tdrain has mathematical expression similar to that of the shunt-
resistor case, i.e.

— Td.'min i
2 G?n Rds G!]

Noise temperature T»: that comes from RFp at temperature Tamb is

I,

[(Gg+ Grp)? + (By +wCys +wCia)’] . (4

Tamb 1 2 2
T = N m [(Gg+2Grp + Gm)* + (By + wCys +wCya)°|
Tamb 1

G2, RppG,

&)
This Tn1 expression looks similar to that of the transistor circuit with input shunt
resistor except for the factor a. With 50-Q generator impedance, 270-Q Rr3,
175-mS Gm, and neglecting the small reactive part, o is 1.338 and Txz will be 74
Kelvin for the transistor circuit at room temperature. In contrast, a shunt 50-Q
resistor used for achieving the same input reflection coefficient has Tnz close to
300 Kelvin.

III. Leossless Input-Matching Mechanisms: Inductive, Capacitive and
Reactive Feedbacks

A. Narrow-band input matching using inductive feedback

Without resorting to the resistor, intended input matching can still be achieved,
though narrow-band, by first adding an inductor LF8 on the transistor’s source
node (Fig. 4). Conceptually, the induced current Iz on the drain side will flow
through this LFs inductor and generate a voltage on it that is in phase with the
input current. This LFp can thus be interpreted as a resistor. Mathematically,
based on the somehow simplified transistor model, there is

Vi=WVe+jwlrgly
=V.+jwlpp (]"u)C'gch‘*‘G-m VP)
= (l — sl LipCys+ jw Lpp Gm) V.
~(1+jwlrpGp) V..

(6)
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(a) (b
The last approximation holds because of the transistor’s large Gm and small Cegs.
For example, the TRW 200-um HEMT circuit with 50-Q Re[Zin] has, at 20 GHz,

Fig. 4. Inductive feedback using simplified transistor model. (a) In the
schematic, the induced current /1 flowing through LFp will bring upon
a voltage on this inductor that is in phase with the input current. The
current on the loading impedance Zo is assumed to be equal to that on
LrB because of the large impedance of Cgs. (b) 0.1-20-GHz S1z7 on the
Smith chart. With Cg = 113 fF, Gm = 175 mS, curves 0 to 5
correspond to LFB = 0, 10, 20, 30, 40 and 50 pH respectively.

2 Cgs Zo

G
In other words, the current flowing through Cgs will not contribute significantly
to the voltage across LFB and so the input impedance of this transistor circuit is
a capacitor in series with a resistor:

7
‘ ‘/1 = - 1 +LFBGm. (8)
JwCys) Vo jwCis Cos
On the Smith chart, the inclusion of LFs will split the transistor’s Siz trajectory
into different curves with each corresponding to different RefZin]. To eliminate
the remaining capacitive part of Zin, an additional input series inductor Lseries

can then be added. As complete input matching now occurs only at one
frequency, the inductive-feedback approach is deemed narrow-band.

W Lpp Cys = w Cys = 0.057 < 1. @)

Zin =

Though, on the face of it, the above derivation looks trivial as it may have
been worked out by other authors. The problem is that the transistor model used
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Fig. 5. Inductive feedback. (a) Once the 59-fF Cgd is added for better
transistor modeling, the previously derived 30-pH LFB turns to be too
small for good input matching and needs to be increased.to 194 pH.
When the 50-Q) Ras is included, LFB have to be changed to 250-pH
again. Here the current on the loading impedance Zo is assumed to be
the same as that on LFB because of the large impedance of Cgs and
Cgd. (b) 0.1-20-GHz S11 on the Smith chart with curves 1 and 2
correspond to LFB = 194 and 250 pH respectively.

above is over-simplified in the microwave frequency range; therefore, the
calculated value of LFs is far from accurate. With the intrinsic capacitor Cgd
included, the new shunt impedance Zuitier will appear in the Zin expression. The
revised derivation is presented in the following. First, the voltage across Cgd is

V[ - ‘/2 - (1 +,7WLF’B Gm + Gm ZO) Vc
= [1+ (;L“'LFB + 1) GmZo] V. &)
Z()
%(1+GmZO) ‘/c

The last approximation is justified since, even at 20 GHz, the previously
assigned value of Lrs will contribute little as

(.ULFB _ UJCgS
Zy  Gn

This means the impedance of LFp is small when compared with the output
loading impedance Zo, and Zuitler is now:

=0081kK1. (10)
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L)
jwCqa (Vi — V2)

_ ( 1 L G’m> 1 an
jw qu Q{;d 1+ Gm Z{)

(1 LepGn\ Cp 1

B (]W Cgs Cgs ) ng 1+ Gm ZO .

This impedance expression is similar to that of looking into Cgs but has a much
smaller value as

Cop 1 1 113 1 .
Co1+GnZy 1+40175-50 59 5’ {2

which means the current flowing through Cgq is in phase but five times larger
than the current on Cgs. The overall input impedance can now be re-arranged as

1 LFB Gm C(d -
in = 1 ? ™m . 13
% (]w Cys N Cys ) [ M Cys a+G ZO)] e

By setting Re[Zin] = Zo, there is

Zitier =

Bl C
Epg= g g {1+ Cg”‘ (1+szo)]
m gs
- () ZO Cgs (14)
G
=194 pH,

i.e. with Cgd included in the transistor’s small-signal model, the value of LFs for
a matched input needs to be increased six-fold. Still, as wLrs = 24 Q, the two
approximations used in above hold:

w2 LFB Cgs <K 1

wLpp (15)
<1.
Zy

As for the so-far un-discussed Rss, when its value changes from 1 to the
measured 50 (, the feedback inductor LFs needs to be adjusted again (Fig. 5).
Neglecting the small current on Cgd, the current It on LFB has the same
magnitude but opposite polarity as that on the output loading impedance Zo;
therefore, from the conservation of current at either the source or the drain node,
there is

Jwlpply + Zo Iy

G V=T &
‘ L Rd&

(16)

or
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Ry, s
- bs_ G, V.~ _ Ras
Rds + Z() +j wLFB Rds + ZO

IL Gm V; . (] 7)

So

. 1 LFB’YGm ng ) !

Zin (j wCys " Cys ) [1 i Cs (1+9CnZ0) 1o
where y = Ras = (Ras + Zo + jwLFB) and can be treated as the degradation factor
for transconductance Gm. In this case, the previously derived 194-pH LFB can
offer only 39.5 () for the transistor’s input impedance. The value of LB needs
to be increased to (194 « 50/39.5), or 246 pH to achieve the intended Re[Zin].
Again, an input series inductor Lseries can be brought in to eliminate at one
frequency the capacitive part of Zin.

B. Narrow-band input matching using capacitive feedback

If the transistor’s output loading is a capacitor CFB instead of the default
characteristic impedance Zo (Fig. 6), then from the conservation of current at the
drain node there is

ja}ng (‘/2“ ,j[)‘{'ijF‘BJF'Gval:O (19)

or

j w ng - Gm "’Gm
Va = - Vi - Vi. 20
jw (Cea+ Crp) jw (Cyq + Crp) (20)
The last approximation holds because, even at 20 GHz, wCgd = 7.4 mS and is
far smaller than Gm. The overall input admittance is then

G
Kn= .(‘J.)CB_{-".MC( 1+~ = ]
I8 e T I Jjw(Cya + Crg)

Cod
Coa + GFB

This is a shunt capacitor in parallel with a resistor. The value of Crs for 50-Q
Re[Zir] can be obtained by setting

1 Cu
A ng+GFB m

02y

=J°") (Cgs+cgd)+ Gm.

(22)
ie.
CFB = ng (Gm ZO - 1) = 775 ng . (23)

Intuitively, since the phase of the input current Iin is leading that of the input
voltage Ve, this Iin can be decomposed into / and jAl where [ is for the
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Fig. 6. Capacitive feedback using simplified transistor’s small-signal model.
(a) Schematic. In this transistor circuit, the drain resistor is assumed
infinity. The ratio of the loading capacitor CFB over the intrinsic
capacitor Cgd determines the value of Re[Zin]. (b) 0.1-20-GHz S1z on
the Smith chart. This curve is similar to that of a resistive-feedback
transistor circuit. An additional 49-pH LFs (not shown here) at the
source node will remove the capacitive part of Zin.

equivalent resistor and jAl is for the capacitor. By adding a small inductor LFs
at the source node to offer a positive-phase jAVc, Zin can be fine-tuned to Zo by
forcing Ve = I to be equal to AVc = Al. Mathematically, the input voltage (with
LEg included) is

va = V:" +jw-LFB (jwcgs ‘/( + Gm ‘/c)
=(1-w?LppCp+jwLrpGp) V. (24)
=~ (1 +.jWLFBGm) Vc

Since this LFB has only minor impact on the drain side of the circuit, V2~V1 can
be approximated as V2 -V and the total input current is

Ly =T+ AI
Cyd )
=|—""Gn+jw (C)x+C V.
[ng-i-GFB jw (Goe ¥ g")] (25)
Cod [ . Cd“|"CFB]
e U8 G 14w (Cpet O ST EFE
ng+GFB JUJ( g gd) ng Gm

By setting CFB = Cgd (GmZo-1), or Ve/l = Zo, there is
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Fig. 7. Capacitive feedback. (a) Schematic. (b) With Crs = 457 {F, curves 1

to S correspond to LFB = 0, 50, 100, 150, 200 pH respectively. Here
LFg doesn’t have much impact on the value of Re{Zin].

1+ jwlrgGm

"4 jw (Cps + Ca) Zo (26)
Matched input impedance can be obtained by choosing LFB as
Cys + C,
Lyg = Cgs T Cga Z. 27
G’"l

For the TRW 200-um transistor, the value of this inductor is 49 pH. At 20 GHz,
there is wLrB = 6.1 Q and o’ LFBCgs = 0.045; the latter is far less than one,
which justifies the approximation used in the above derivation. The impedance
of Cgs, Cgd, and Crp at 20 GHz are 70, 135, and 18.5 Q respectively. On the
Smith chart, CFB will move the S11 curve to a fixed-acceptance contour and the
inductance LB will suppress the curve down to a point. This picture is totally
different from that of the conventional inductive feedback: Miller effect, or Cgd,
is now highly desirable since it determines the value of Re[Zin]. However, the
above frequency-independent Siz comes from a transistor with infinite Rds,
which is unrealistic. To make this Rds impact easier to comprehend, capacitor
Cgs is omitted in the following analysis, so is the small current on the high
impedance Cga path (Fig. 7). Thus,

I

jwlL I R:sI“ mc:/z",’_‘_-
JwLpp Iy + Rys (I — Gn Vo) = Vo 75 Crp

(28)
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By setting ZL = jwLFB and Zc = 1 = 1/(jwCFB), it becomes

ZL IL + Rds (IL - Gm V;) - "ZC IL . (29)
Now step by step:
Gm Rds
I =———— V.
Y™ Rus+ Zc + 21,
Gdes ZC
Vo= —Zclp = ——287C
? CL T TRyt Zo+2;
Gdes ZL
Vi=Ve+Z I =14 ——m—— | V.,
! ot ( Rd.s‘|‘ZC+ZL) '
Vi = Ru+Zc+ZL+GmResZ; (30)
Vi B Gm Rds ZC
1 Zc Zr
= 1 mZ
G Zc ( TR T RuTC L)
. Vi — Vs 1 -\
Yutitier = jw Cya T =JwCy+ (ij'gd T/;) .
ie.
Yuiter = jw Cya
Crs [ . Lrs H—l
+ 1+ - +jw 14+ G, Rgs .
[G'm ng Jw CFB Rds J Rds ( d )

G
This input admittance can be interpreted as a small capacitor Cgd in shunt with a
RLC circuit where R is determined by CFa, C comes from Rds, and LF5 is used to
remove the capacitance at one frequency:

il 1
=578
1 1
=~ 32
2m \/LrpCrp (1 + G,y Rs) (32)
0.051

" VLrsCrs

The 3 dB bandwidth A f is
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Af=foRC

CF'B Rds

(33)

1 1
o [QF \/LFB Crp (1+Gde8)

[Crp
= 2554/ ——.
Lrg

The inclusion of Rds causes the all-too-promising wide-band capacitive
feedback being degraded back to a narrow-band one, which has matched input
impedance at low frequency without any use of input i nductor Lseries. For CFB =
457 {F and LFB = 200 pH, the calculated matching frequency is 0.051 times the
square root of LFBCFB, or 5.3 GHz, and is agreeing with the simulated result. In
this feedback mechanism, Re[Yin] comes from the capacitive-loading Miller
effect and is totally different from what happens in the inductive feedback.

C. Wide-band input matching using reactive feedback

As mentioned in our previous letter [7], by treating the capacitive feedback as
a RLC resonator from the input perspective, its bandwidth can be broadened by
introducing a lossy mechanism. A series output resistor R¥8 can then be added
to the original capacitive feedback circuit for this purpose (Fig. 8). Because this
RFB resistor can be from the input impedance of the second-stage transistor in
the LNA circuit rather than a physical resistor, its noise impact is negligible.
This noise consideration rules out the other possible RFB location: namely, a
physical resistor in series with the source inductor.

A more revealing interpretation for this new circuit configuration is that,
since the capacitive feedback has a matched input impedance at low, or
somehow medium, frequency, while the inductive feedback (without input
Lseries) is matched at a much higher frequency, a combination of these two
circuit configurations should render a wide-band input match. Now with a
RreCFB output loading and a LFs on the source node of the transistor, this
transistor circuit resembles a capacitive feedback circuit at low frequency since
the impedance of Cre is now much larger than RFB; when the frequency
increases, the capacitive feedback will be replaced gradually by the inductive
feedback as RFBCFB is now dominated by RFa.

Since little if any insight can be gained from the rather tedious analytical
expression for this wide-band Zin, it is omitted here. However, it should be
noted that this single transistor circuit has a good input match at even higher
frequencies because no input inductor Lseries is employed for the intended
Re[Zin]. Therefore, as frequency increases, Sz1 on the Smith chart converges to
the matched point.
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Fig. 8. Reactive feedback for wide-band input matching. (a) The
combination of capacitive feedback and inductive feedback results
in a wide-band input match. (b) The corresponding Si: of the TRW
200-um transistor in the reactive feedback configuration with Crs =
457 {F, Lrp = 200 pH. Curves 1-5 correspond to RFs = 0, 10, 20, 30,
40 Q respectively, curve 6 is the inductive feedback with Crs = 0
fF, RFB = 50 (). Curves 2-5 can be interpreted as different
combinations of curves 1 and 6. (c) S1z in dB. Curve 5 shows the
intended wide-band response.
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Fig. 9. Simulated S:: and 7» of different transistor circuits. (a) S1z on the
Smith chart. Curve 1 comes from the intrinsic TRW 200-um
transistor. Curve 2 is from the reactive feedback circuit with 200-pH
LFB on the source node of the intrinsic transistor, 457-fF Crs on the
drain node and 40 () as output loading resistance. Curve 3 is from the
conventional inductive feedback with 250-pH LFs on the source node
and 575-pH Lseries at the input. (b) The corresponding noise
temperature with Tdrain set to 2100 Kelvin,
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Fig. 10. Simulated S1z and T» of different circuits using complete transistor
model. (a) $1z on the Smith chart. Curve 1 is from the 15-element TRW
200-um transistor. Curve 2 is from the reactive feedback circuit with
200-pH LFB on the source node of the transistor, 457-fF CFa on the drain
node and 40 () as output loading resistance. Curve 3 is from the
conventional inductive feedback with 250-pH LFB on the source and 575-
pH Lseries at the input. (b) The corresponding noise temperature with
Tarain set to 2100 Kelvin.
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D. Comparison of Noise Temperatures

As is clear from the simulated results (Figs. 9, 10), the revised feedback
circuit does have a flat noise temperature vs. frequency while the inductive
feedback with input inductor Lseries has a locally optimized noise temperature.
An in-depth understanding of the noise performance, which is beyond the reach
of simulations, comes from mathematics. To derive the noise temperature o f the
As is clear from the simulated results (Figs. 9, 10), the reactive feedback
transistor circuit with source inductor LFB on it, the relation between the drain
noise current in and the resulting short-circuit output noise current iour needs to
be clarified (Fig. 11a). First, since the impedance of Cgs is much larger than the
generator impedance (1/Yg) at the frequency of interest, there is ve = -vL. By
defining the impedance of LFB as ZL, the induced current on the Gm branch will
have

Ve Gm = =L Gm
—ig (jwLrp) Gm (34)
=—i; Z; G,

Based on the conservation of current at the transistor’s source node while
neglecting the small current flowing on Cgs, the relation between ir and iour is

{

. Ry, .
- Z m ‘n
Rz At G9)
= /j (—ZL ZL Gm +in)
ie.
/-
ot = A, = s (36)

e
1+ ,3 Gm ZL "

The next step is to find the relation between the output current iow and the
current ig from the generator impedance, which can be carried out by linking the
input current iz to voltage vz (Fig. 11b). The admittance Y looking into the
transistor circuit is derived via

V] = ju)lcgs i+ g
=Z.h + 211,
= Zeiy + 21 (G Zeir) (37)
: Ry.+ Z;,

= Zcil + ZL /3Gm Zcil
1+ ﬂ ZL Gm i
JwCgs !

i.e.
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I Lot

i Lo

Fig. 11. Schematics for noise temperature derivation. (a) The noise current
in from Ras will bring upon current iowr at the short-circuit output.
Here Cga has been merged into Yz to facilitate the derivation. (b)
Noise current ig from the generator impedance will induce current
iour at the short-circuit output. Noise temperature of the inductive
feedback circuit can be obtained by linking ig to i, via iour.

}/IN = ,L_l
0
1 1
" Z.1+5%.G, o

jwcqs
1+,BjWLFBGm '
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Since Ras is much larger than |Zz|, this variable f can be treated as a real number.
Input impedance Ziv (= 1/YIn) in the noise analysis is thus a capacitor in series
with a resistor:

1 _ 1 + LFB ﬂ Gm
YIN .7 w Cys Cgs
On the other hand, noise current ig coming out of the generator admittance Yg
will bring upon an input noise current #1 for this transistor circuit:

ZIin = (39)

iy =v1 (Y, +Yin) (40)
or
. _ Wiy
L= YN = Y, 1V ig - 41

Current i1 will build a voltage on capacitor Cgs, which then induces a current on
the drain side of the transistor. The output noise current iou is therefore
Yin .
7uut—lL——13GmZ’11——dGmZ m (42)

. 1 Y, +Yinv.

by = out - 43
7 ,6 Gm Zc YIN fout ( )

i 1 Y, +Yin 3 ;
¢ ,3 Gm Zc /IN 1+ /’3 Gm ZL "

% 11 1
= & oY) 5 o e

_ Zn 1 - Zc (1 + /QZL Gm)
= Gm (Y'g + Y}N) Z(; ’Zc (1 + 1(3 ZL Gm)] 1_+_ /’.} Gvn ZL

Ln

(Y + Yin)

Since in terms of unit bandwidth, there is, by definition,
[22]
Tdrain = =5 s
4 I{B/ Rdrain
lia]
4KpG,
where K3 is the Boltzmann’s constant and the overhead of |...| is the statistical
averaging. Therefore,

(45)
T, =
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2 .2
Lo _h_ 1 % tha[_ 1 (46)
Tdrain 7,,21 Rdra??n Gg Gm Rdrain Gg
ie.
Tdrai‘n 1 2
T, = - [Yg+Yin
G2, G, Vet ¥
' 2 (47)
- Tdrain 1 G +il X, + w Cgs +wC
TG, RaG,| I\ T T4 0L G, T

where Yiv is the admittance looking into the transistor circuit that has short-
circuit output loading, and B = Ras = (Ras + jwLFB). The inclusion of a source
inductor LFp indeed reduces the effective capacitance of Cgs and thus flattens
the global noise temperature. Now it becomes clear why both the reactive and
capacitive feedback circuits have low noise temperatures.

As for the conventional inductive feedback circuit where an inductor Lseries is
employed to remove the input Im[Yin], the transistor’s matched noise
temperature can be obtained by merging Lseries with the nominal 50-Q generator
impedance (Zo). The revised generator admittance is:

1
) . S—
I ZO + ] w Lserics
— Zo . ~W Lgeries (48)
=72, 272 LA Ear
ZO +w Lse‘ries ZO +w Lseries
=Gy +7Xg,

and the corresponding noise temperature will be

_ Tdmm 1 Zg -+ u)2 L2

Tn — series A2 2 4
Gt 7 [A? + B (49)
with
Zy
A= ——Fr—
Zg + w2 Lseries
—W Lyeries wC,, (50)
B = ; .se112(,k gs +w Cgs
ZO + w? Lserics 1 +/BWLFB Gm

This Lseries does bring upon a locally optimized 7» through the minus term in
B’s expression. At much higher frequency, the circuit’s noise temperature will
increase rapidly and is proportional to o’.
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1V. Conclusion

In this paper, different circuit configurations used for wideband amplifier
design have been analyzed in detail. Through a full grasp of mathematics, the
underlying physics of the most promising reactive-feedback mechanism, which
is the combination of low-frequency-match capacitive feedback and high-
frequency-match inductive feedback, is soundly explained. We believe this
understanding of input matching mechanisms will facilitate the design of ultra-
wide-band LNA’s.
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