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A 0.5V Area-Efficient Transformer Folded-Cascode CMOS

Low-Noise Amplifier

Takao KIHARA ™, Hae-Ju PARK', Isao TAKOBE', Fumiaki YAMASHITA ", Nonmembers,
Toshimasa MATSUOKA, and Kenji TANIGUCHI', Members

SUMMARY A 0.5V transformer folded-cascode CMOS low-noise am-
plifier (LNA) is presented. The chip area of the LNA was reduced by cou-
pling the internal inductor with the load inductor, and the effects of the
magnetic coupling between these inductors were analyzed. The magnetic
coupling reduces the resonance frequency of the input matching network,
the peak frequency and magnitude of the gain, and the noise contributions
from the common-gate stage to the LNA. A partially-coupled transformer
with low magnetic coupling has a small effect on the LNA performance.
The LNA with this transformer, fabricated in a 90 nm digital CMOS pro-
cess, achieved an S'11 of —14 dB, NF of 3.9 dB, and voltage gain of 16.8 dB
at 4.7 GHz with a power consumption of 1.0mW at a 0.5V supply. The
chip area of the proposed LNA was 25% smaller than that of the conven-
tional folded-cascode LNA.

key words: CMOS, low-noise amplifier (LNA), low voltage, transformer

1. Introduction

Although the continuous scaling of CMOS technologies has
improved the high-frequency performance of MOSFETs,
it has imposed two challenges on CMOS radio-frequency
integrated circuits (RFICs): low-voltage operation and a
small chip area. The International Technology Roadmap
for Semiconductors (ITRS) [1] predicts that the supply volt-
ages of low-power digital circuits will decrease to 0.5V in
the near future. Reference [2] shows that a 45 nm (state-
of-the-art) CMOS process costs approximately 10 times as
much as a 0.13 um (most widely used) CMOS process. Con-
sidering the integration of RF circuits with digital circuits
(i.e., system-on-a-chip), we need to develop low-voltage and
small-area (low-cost) RF circuits.

Low-noise amplifiers (LNAs) have difficulty in operat-
ing at low voltages with a small chip area. Cascode LNAs
with inductive source degeneration [3] have been widely
used for narrow band receivers, due to low-noise perfor-
mance and good input impedance matching. However, this
LNA is not suitable for low-voltage operation, because it
requires a supply voltage of more than two drain-source sat-
uration voltages (Vpp > 2Vps ) to operate the cascode
transistor. Although folded-cascode LNAs [4], [5] are more
suitable for low voltage operation (Vpp > Vps sar), they re-
quire more inductors, which lead to an increase in the chip
area. Other reported low-voltage LNAs [6], [7] consume
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much larger chip area than the folded-cascode LNAs, due
to many inductors.

We propose a 0.5 V, 5 GHz transformer folded-cascode
CMOS LNA [8], which has a smaller chip area than the con-
ventional folded-cascode LNA. The transformer that con-
sists of the internal and load inductors reduces the chip area
of the LNA, while affecting the LNA performance. This
paper is organized as follows. Section 2 describes the cir-
cuit topology of the proposed LNA. The effects of the trans-
former on the LNA performance are analyzed in Sect. 3.
Section 4 describes the design of the LNA and transformer.
Section 5 presents the measurements of the LNA imple-
mented in a 90 nm digital CMOS technology, and Sect. 6
concludes the paper.

2. Circuit Topology

Figure 1 shows a schematic of the proposed LNA based on
the conventional folded-cascode LNA with inductive source
degeneration. The gate and source inductors, L, and Ly, pro-
vide input impedance matching at an operating frequency
[3]. The PMOS transistor M, reduces the Miller effect of the
gate-drain capacitor of the input transistor M1, and improves
the reverse isolation performance of the LNA. The internal
inductor L;, resonating with the parasitic capacitance C; at
node I, provides a high impedance, thereby the signal cur-
rent amplified by M; flows into M,. The load inductor L;,
also resonates with the parasitic capacitance Cy, resulting
in a high impedance. These inductors, L; and L;, are mag-
netically coupled to form a transformer in such a way as to
have a positive magnetic coupling with retaining the LNA

Fig.1  Schematic of the proposed LNA.

Copyright © 2009 The Institute of Electronics, Information and Communication Engineers
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performance.

The positive magnetic coupling of L; and Ly is the most
effective way to reduce the chip area of the folded-cascode
LNA. Increasing the magnetic coupling leads to a smaller
L; and L;, (smaller chip area), as will be shown in the next
section. On the contrary, the negative magnetic coupling re-
quires a larger L; and L;, (larger chip area). The coupling of
L, or Ly and L; or Ly is also not beneficial for the following
reasons:

1. L, is often implemented with a bonding wire.

2. Ly is usually small (< 1.0 nH) for input impedance
matching.

3. The coupling makes the LNA unstable.

3. Effect of Magnetic Coupling

The magnetic coupling between L; and L, affects the LNA
performance in terms of input impedance, gain, and noise.
In this section, the effects of the magnetic coupling are ana-
lyzed, and the stability of the LNA is also discussed.

3.1 Input Impedance

The magnetic coupling changes the frequency response of
the LNA input impedance Z;, through the gate-drain capaci-
tance of My, Cy4. The small-signal equivalent circuit of the
input stage, shown in Fig. 2, yields Z;,, given by

1
5Cys1

wriLs + sLg +

Zin = sLy + - , €))
M
X gd19m1
aM=1+a_,,d1+—-"Y , )
i

where wr, = gu1/Cysi is the unity current gain frequency
of My; agar = Cya1/Cys is the ratio between Cyqp and Cyy.
The input admittance of the common-gate stage, shown in
Fig. 3, is given by

I
Y =—=¢gp+sC;+ ——
v; Gm SL1+R[

B nk (g, — snkCr)
1+ S2(1 - kz)LLCL + SRLCL’

3)

where g, is the transconductance of M;; R; and R, are
the parasitic resistances of L; and L;, respectively; k and
n = VLp/L; are the coupling factor and turns ratio of the
transformer, respectively. The frequency responses of Y;
and 1/Y; are described in Appendix A. The calculated real
and imaginary parts of @y and Z;, are shown in Figs. 4(a)
and (b), respectively. Using Re[ay] and Im[ay], we can
approximate Z;, as

leL‘v'Re[a'M]_%
Re[Z;,] ~ > —, “4)
laml
u)T]LX-Im[aM]+%”Ml]
Im[Zin] = (’-)Lg_ |a, |2 = 5 (5)
M
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Fig.2  Small-signal equivalent circuit of the input stage.

ouT

Fig.3  Small-signal equivalent circuit of the common-gate stage.

where wL; is ignored against 1/wCy. As shown in
Fig. 4(a), Re[ay,] increases and Im[a,] decreases at low fre-
quencies, which results in an increase of Re[Z;,]. For a low
k (<0.6), Re[Z;,] becomes a maximum around the frequency
at which Im[a,,] becomes a minimum. Meanwhile, Im[Z;, ]
with k reaches zero faster than Im[Z;,] without k (k = 0),
due to the increase in Re[a,,] at low frequencies.

The magnetic coupling shifts the input impedance
matching region (an S ; of less than —10 dB) toward lower
frequencies. Due to good reverse isolation of the folded-
cascode topology (S|, =~ 0), the S, of the LNA can be
approximated as [9]

Zi _Rs

S11 = s
U= 7 ¥R,

(6)

where R, is the signal source impedance. For input
impedance matching at the frequency of wy, the following
conditions must be satisfied:

Re[Zin] = RS? (7)
Im(Z;,] ~ 0, (®)
Im[ay] = 0, ©)

which give the following conditions:

wr1Ly

—————— =R, (10
Relay(jwo,ay)]
1
wy ® . , (11D
\/Lgcgsl 'Re[a'M(]wO,an)]
wou ! (12)

M JL(Cr + 2kECy)
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Fig.4 Calculated (a) apy, (b) Zi,, and (c) S 11 with k as a parameter.

respectively, where Re[ay(jwo q,,)] 1s approximated as +gmlscL+ 1-nk
Agd19m1 " L S(l—kz)LL-I-RL
Ref[ay(jwoe,)] ~ 1+ ayq + ——2—. (13) 2n
(1 = nk)gmo sn’k*Cy

Equations (10)—(13) show that the resonance frequencies of
Z;, and a,; decrease and Re[a,,] increases as k increases.
Figure 4(c) shows the calculated S |; with k as a parameter.
Input impedance matching is achieved around wy, which de-
creases with increasing k.

3.2 Gain

The magnetic coupling reduces the peak frequency and
magnitude of the LNA gain. The common-gate stage acts
as a transimpedance, which converts the input signal current
i; to the output voltage v,,, as shown in Fig.3. The input

G 1
* S(l—kz)LL+RL ( 6)

Around w = 1/ VL;C; = 1/ VL. Cy, the first term in Eq. (16)
is approximated by zero:
I’lzszL
+ 9
(1 =KL,

1 -nk ) (17)

D =g, | jwCL +
gz(]w L ol =IO,

where R; and R, are ignored for simplicity. The magnitude
of Zr becomes a maximum when the first term in Eq. (17)
equals zero. The voltage gain of the LNA and its peak fre-
quency can be therefore expressed as

current i; amplified by the first stage is derived from Fig. 2: Ay g = Vout
. Imi1 ’ Vin
i~ == Vin 14 ;
JwoCys1Ry-Re[ay] _ x| _ | gmZr , (18)
where input impedance matching is assumed (i.e., Z;, = R;) Vin JwoCysi Ry-Relan]
and v;, represents the input voltage of the LNA as shown wp = ! (19)

in Fig. 2. The transimpedance from node I to the output is
given by
Zy = U(fut _ Vout &
L Ui L
_ nk+gm[Ry +s(1 - L] 1

T 1+ SCLRL +s(1—K)L] Yy
nk
_ Rens(-PL T 9Im2 (15)
D 9’

1 1
D= s+ ——|[sCL+ ——ri——
(S ! SL1+R1) (S L S(l—kz)LL+RL)

N LCL
respectively. Equations (18) and (19) show that the magni-
tude and peak frequency of the voltage gain decrease with
increasing k. Figure 5 shows the calculated A, ;4 With k as
a parameter. The increase of k shifts the gain peak toward a
lower frequency and reduces the gain magnitude. The peak
frequency in Fig. 5 corresponds well to that calculated from
Eq. (19).

The LNA with the magnetic coupling sacrifices a maxi-
mum voltage gain to achieve the target peak frequency, w,, ;.
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Fig.5 Calculated voltage gain with k as a parameter.
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Fig.6  Calculated voltage gain with k as a parameter for L;, = L; =
w3 (1 +k)Cp.

Equation (19) gives the following condition:

1
2 (1+k)Cy

pt

Lp=L;= (for n=1). (20)

A turns ratio of one provides the smallest chip area of the
transformer, because L; and L; simultaneously decrease
with increasing k. Equation (20) shows that a smaller L;
and L, are required to achieve w,; as k increases. Reducing
L; and L leads to a smaller chip area, but to a decrease in
the parallel impedances of the internal and load LC tanks at
the resonance frequencies (Z, = (woLLL)2 /R 1), causing a
lower voltage gain. Figure 6 shows the calculated voltage
gain for f,; = 5.0 GHz where L; and L; satisfy Eq. (20). A
peak frequency of approximately 5.0 GHz can be achieved
even for a large k, while the maximum gain decreases with
increasing k. A small coupling factor such as 0.2, however,
is acceptable for the LNA, due to a small gain reduction of
3dB.

3.3 Noise

The transformer reduces the output noise originating from
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1
v
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Fig.7 Mechanisms for noise reduction of i,4.

. noise current

L. A

= induced

the common-gate transistor and the parasitic resistance of
Ly, thereby improving the noise performance. This trans-
former noise reduction scheme has been reported in [10].
Figure 7 conceptually illustrates how the transformer re-
duces the drain noise current of M,, represented by #,,5>. The
primary (internal) inductor L; detects i,4,, and then induces
a noise voltage to the secondary (load) inductor L;. The in-
duced noise voltage is correlated and anti-phase to the out-
put noise voltage produced by i,;, flowing through L;, re-
ducing the output noise caused by M,. The other output
noise originating from L; is also reduced by the transformer
in the same way.

The magnetic coupling affects the noise contributions
from M>, L;, and L, to the LNA (Fy,, F,, and Fy,, respec-
tively), but not that from M; (F,). The LNA noise factor
is given by

F:1+FM1+FM2+FL,+FLL7 (21)
2 a0
Fu, ~ 24 mlR( ) e (22)
aj wr, Kigmi Ry

) %6
X1 = (Lharga)*=2lcln | (1 aga)+ ——,  (23)
) K1Y1 K1Y1

2

Y, Y2
F ~4 mR
M Y0+Y1 (0% P ((,L)Tl) |a[ |
Yo+Yie\ 2
| a=p(-iT5) o
k + - g2 (1-k) ’
J (u()CL
2
Fr,=4 RR |aar |
B Yo + Y, ! (wrl)
1-k)gm — k(Yo + C
( Vg2 qu(lok) Jwo 1) ’ 25)
k+] e
2
Y] wo
F;, ~4 RRS
L Yorr,| & (le) lml®
2
1-Kk)gm+Yy+Y,
( )9 2gm2(]0k) uer| 26)
k+ jH— e

where @; = g,ui/gq0i and ggo; s the zero bias drain conduc-
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Fig.8  Calculated Fy,, Fg,, and Fg, versus k.

tance of M; (i = 1,2); y; and ¢; are the drain noise current
factor and the induced gate noise current factor, respectively,
and c is the correlation coefficient between these noise cur-
rents (= j0.395 [11]); «; is the Elmore constant (= 5 [12]);
L = L = l/w(z)(l + k)Cr; Yo represents the output ad-
mittance of the input stage at node I and is approximated
as jwCyq1; Yi,c, = jwCr+ 1/(jwL; + R;). The detailed
derivations are summarized in Appendix B. Equations (22)—
(26) show that Fy, is independent of k while F,, Fy,, and
Fp, are functions of k. Figure 8 shows the calculated Fy,,
Fy,, and Fy, versus k. As Eq.(24) shows, Fy, approaches
zero with increasing k. Meanwhile, F, increases and Fi,
slightly decreases. This difference originates from the differ-
ent numerators in Egs. (25) and (26), i.e., =k (Yo + jwoCr)
and Y, + YL,C,~

The noise improvement by the transformer is limited
in the folded-cascode topology. The calculated noise figure
(NF, defined by 101log F) versus k are shown in Fig. 9, where
90 nm CMOS process parameters were used. The NF sim-
ulated using Agilent Advanced Design System (ADS) are
also plotted. Figure 9 shows that the calculated NF is com-
parable to the simulated NF, and the magnetic coupling re-
duces the NF by up to 0.08 dB (calculated) or 0.12 dB (sim-
ulated) for g,, = 15 mS. The amount of noise reduction
is relatively small, because the noise of M; is the dominant
noise source in the LNA (Fy;, =~ 1.20 and 1.05 in the calcu-
lations and simulations, respectively).

3.4 Stability

A small L; or large C ensures the stability of the LNA.
The proposed LNA becomes potentially unstable, because
the transformer provides a positive feedback from the output
to node I, as shown in Fig. 1. For stability, the LNA must
satisfy the following condition [9]:

Re[Z;,] > 0. 27)

For k = 1 and low frequencies (the worst case), Re[Z;,] is
approximated as

IEICE TRANS. ELECTRON., VOL.E92-C, NO.4 APRIL 2009
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Fig.9 Calculated and simulated NFs versus k.

wri[Ly(1+agq1)— Liagar ]

Re[Zin] ~ . (28)
(1 +aga)* + sz%a/;dlgﬁﬂ
Substituting Eq. (28) in Eq. (27), we have
1
Ly<Lg|l+—], (29)
Q@ ydl

which shows that a smaller L; ensures the stability. Using
Eq. (20), we can rewrite the above condition as
1
CL>—m8FF. (30)
202 Ly (1 + QL)
> gd1
For example, C; > 160 fF is calculated from f,; = 5 GHz,
L, = 0.6 nH, and a4q; = 0.2. This capacitance value can be
satisfied with the parasitic capacitances of L; and the input
capacitance of the following stage.

4. Design

The input transistor M; is designed to achieve a minimum
NF at 5 GHz with a bias current /;; of 1.0 mA at a supply
voltage of 0.5 V. Equations (22) and (23) provide an op-
timum (for noise performance) gate width for M; of 4 X
40 um (40 gate fingers, each with a unit of 4 yum width) and
a minimum gate length of 100 nm. Although the calculated
minimum NF is 3.6 dB for /;; =1.0mA, increasing I;; leads
to a lower NF (i.e., 2.2dB for I;; =2.0mA).

The size of the common-gate transistor M, is selected
as a compromise between noise and linearity performance.
For a fixed bias current of 1.0 mA, a small gate width of
M, provides high linearity [13], but leads to a lower g,
which results in the increase of Fy,, Fy,, and F, as shown
in Egs. (24)—(26). Figure 9 shows less NF degradation for
gmp > 15 mS than for g,,» < 15 mS at a low k. Thus, g, is
selected to be approximately 15 mS, which results in a gate
width of 4 x 40 um and gate length of 100 nm.

A partially-coupled transformer, shown in Fig. 10(a),
allows us to simultaneously achieve a small chip area
(0.314 x 0.200 mm?) and reduce the magnetic coupling (k ~
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0.1). On the other hand, a stacked transformer, shown in
Fig. 10(b), provides a smaller chip area (0.210x0.200 mm?),
thereby reducing the cost. However, a large k of the stacked
transformer (k =~ 0.9) leads to poor gain, and does not sig-
nificantly reduce the LNA NF as shown in Sect. 3. Figure 11
shows the ADS simulated voltage gain and NFs of the LNAs
employing the transformers shown in Fig. 10(a) and (b).
The transformers were designed using a 3-D electromag-
netic simulator (Ansoft HFSS), and L, and L, in both the
LNAs were adjusted to achieve an S, of less than —10dB
at 5 GHz. The LNA with the stacked transformer had 13 dB
lower gain than the LNA with the partially-coupled trans-
former at 5GHz. This leads to an increase in the overall
NF of the receiver. A larger k also leads to an increase in
the voltage swing at node I (Fig. 1), causing poor reverse
isolation. Simulations (not shown) showed degradation of
approximately 10dB in the reverse isolation performance
(S 12) of the LNA with the stacked transformer.

The inductors of the transformer are designed to res-

Vop GND
E] L,=L,=36nH,
8 Q[_/=Q LL =67@5 GHz,
o k=0.1
=== Pad metal
== Metal 6
L/=LL=1.8 nH,
I QL/ =62@5 GHz,
; Q. =7.4@5 GHz,
® k=0.9
=== Pad metal
== Metal 6
(b)
Fig.10  Layout of (a) a partially-coupled transformer and (b) a stacked
transformer.
b r——T——7F+———7—— 50
F ) Partially-coupled ]
30 |- Voltage gain transformer
_ 25 ; —44.5
m
S, L
c 20 2
S F 402
1 0 T A 3
S S ]
2 10 : 135
5 Stacked
L NF = transformer 7
o4 1 1 130
4.0 4.5 5.0 55 6.0
Frequency [GHz]
Fig.11  Simulated voltage gain and NFs of LNAs employing the

partially-coupled transformer (solid line) and stacked transformer (dashed
line).
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onate at a frequency of approximately S GHz. The outer
diameter of each inductor is 200 um, the metal width 7 ym,
and the metal spacing 2 um. Electromagnetic simulations
resulted in L; = L; = 3.6 nH and quality factors (Q) of 6.7
at 5 GHz.

The inductances of L, and L, are determined by the in-
put impedance matching conditions, derived from Egs. (7)—
(9): Ly = 0.8 nH and L, ~ 4.3nH. The outer diameter of L,
is 200 um, the metal width 5 um, and metal spacing 2 ym.
The simulated Q of L, was 7.5 at 5 GHz.

5. Experimental Results

The designed LNA with the partially-coupled transformer
was fabricated in a 90 nm digital CMOS process without
metal-insulator-metal (MIM) capacitors. For comparison,
a conventional folded-cascode LNA was also fabricated on
the same chip. A micrograph of the fabricated LNAs is
shown in Fig. 12. The active chip areas (without the pads) of
the proposed and conventional LNAs were 0.39 x 0.55 mm?
and 0.52 x 0.55mm?, respectively. The input and output
pads were not electrostatic-discharge (ESD) protected. For
the measurements, a unity-gain common-source amplifier
with a 50 Q output resistor was used as a buffer. The S-

Fig. 12

Micrograph of the proposed LNA (left) and conventional
folded-cascode LNA (right).

o——m—m— 77—
—— Simulated S, (Proposed) 1
5k ----Simulated S, (Conventional)
—-10 [
m -
E -
15[
LI
-20 T ®  Measured S, (Proposed)
L O Measured S, (Conventional) ]
_25'....|....|....|....'
4.0 4.5 5.0 5.5 6.0

Frequenéy [GHZz]

Fig.13  Measured and simulated S 1| of the LNAs.
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Fig.14  Measured and simulated S;; of the LNAs.
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Fig.15 Measured and simulated S | of the LNAs.

parameters, NFs, and linearity of the LNAs were measured
using on-wafer RF probes. The power consumption of each
LNA and the buffer were 1.0mW and 1.8 mW at a supply
voltage of 0.5V, respectively.

Figures 13 and 14 show the measured and simulated
S'11 and S, of the LNAs, respectively. The proposed LNA
obtained an S |; of —14 dB and a maximum S ,; of 16.8 dB at
4.7GHz. The magnetic coupling in the proposed LNA had
a small impact on the S |; performance, while the measured
peak of S,; was shifted to a lower frequency than the sim-
ulated one, due to the increased magnetic coupling of the
fabricated transformer (k ~ 0.2). This frequency shift can
be reduced by using a smaller L; and L; (3.4 nH).

The discrepancy between the measured and simulated
S is mainly attributed to insufficient accuracy in the sim-
ulation of the inductors used. The electromagnetic simula-
tor has difficulty in simulating substrate losses in conductive
silicon at high frequencies, and the simulated inductors in-
clude no metal fills in order to solve convergence problems.
These factors led to the decrease in the quality factors of the
inductors, resulting in a lower voltage gain.

Figure 15 shows the measured and simulated S |, of the
LNAs with the buffers. The stand-alone buffer achieved an
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5.0 o | .
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Fig.16  Measured and simulated NFs of the LNAs.
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Fig.17  Measured IIP3 of the proposed LNA with the buffer.

S'12 of =30dB around 5.0 GHz (not shown). Thus, the S,
of the proposed LNA without the buffer was approximately
—17 dB. Figure 15 also shows that the inductor coupling de-
teriorates the reverse isolation by a factor of 12 dB at 5 GHz,
compared to the conventional LNA. This deterioration is not
problematic, because the proposed LNA still has good iso-
lation, due to the folded-cascode topology. Measurements
(not shown) also showed that both the LNAs achieved an
S 2, of less than —10dB around 5.0 GHz.

Figure 16 shows the measured and simulated NFs of
the LNAs. The proposed LNA obtained a minimum NF of
3.9dB at 4.7 GHz, while the conventional LNA achieved a
minimum NF of 4.1 dB at 4.7 GHz. The difference between
the measured minimum NFs can be attributed to more input-
referred noise of the buffer in the conventional LNA than
that in the proposed LNA. The LNAs had different values
of S, at 4.7 GHz, which resulted in different input-referred
noise of the buffer.

Figure 17 shows the measured output power of the
fundamental tone and third-order intermodulation (IMj3)
products for two tones (4.999 GHz and 5.000 GHz). The
measured IIP; of the proposed LNA with the buffer
was —18.5dBm, and that of the stand-alone buffer was
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Table1 Measured performance and comparison of low-voltage CMOS LNAs.
Reference CMOS Frequency NF Gain 1IP3 Pin-1as | Supply | Power Are:zi Fol\i[1
Technology [GHz] [dB] [dB] [dBm] [dBm] [V] [mW] [mm~] | [(mW™']
This work 90 nm 4.7 39 16.8 -14.8 =27 0.5 1.0 0.21 4.8
Folded-cascode LNA 90 nm 5.0 4.1 16.1 —14.8 =27 0.5 1.0 0.29 4.1
[4] 90 nm 5.5 3.6 9.2 -7.25 -15.8 0.6 1.0 0.30 2.2
[5] 180 nm 5.8 2.9 7.0 N/A -9 0.7 12.5 0.40 0.2
[6] 130 nm 5.1 53 10.3 N/A =22 04 1.0 0.75 14
[7] 180 nm 5.0 4.5 9.2 -16 =27 0.6 0.9 0.54 1.8
[14] 180 nm 5.0 3.65 14.1 -17.1 =25 0.6 1.68 0.46 2.3

—0.25 dBm. Following the de-embedding procedure shown
in [13], we can calculate the IIP; of the LNA without the
buffer as —14.8 dBm. The IIP; of the conventional LNA was
also —14.8 dBm.

Table 1 shows a summary of the LNA performance
and a comparison with previously reported low-voltage (ap-
proximately 0.6 V) CMOS LNAs for 5 GHz applications.
The proposed LNA achieved performance comparable to the
conventional folded-cascode LNA, while consuming three
fourths of the chip area of the conventional LNA. The figure
of merit (FoM) for the LNAs, included in Table 1, is defined
as [4]

Gain[lin]
Power[mW]-(NF[lin] — 1)
Among the reported low-voltage CMOS LNAs, the pro-

posed LNA obtained the best FoM (4.8 mW™!) with the
smallest chip area

FoM[mW™'] =

€29

6. Conclusion

We have demonstrated a transformer folded-cascode CMOS
LNA, in which the internal and load inductors have been
magnetically coupled to reduce the chip area. Circuit analy-
sis showed that the magnetic coupling between these induc-
tors decreases the resonance frequency of the input match-
ing network, the peak frequency and magnitude of the gain,
and the noise figure. The partially-coupled transformer re-
duced the chip area, while having a small impact on the
LNA performance. The LNA, implemented with a 90 nm
CMOS technology, occupied 0.21 mm?, and achieved an S |;
of —14dB, NF of 3.9dB, and voltage gain of 16.8dB at
4.7 GHz with a power consumption of 1.0mW froma 0.5V
supply. It has been demonstrated that the proposed LNA can
replace conventional low-voltage CMOS LNAs.
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Appendix A: Frequency Responses of Y; and 1/Y;
Al Y,

The frequency response of Y; is shown in Fig. A- 1(a). At
low frequencies, Eq. (3) can be approximated as

Re[Y] » gna(1 — nk), (A-1)
1
Im[Y;] ~ w(C; + n*k*CL) - —, (A-2)
(L)L]
which shows that Im[Y;] becomes zero around
1
(A-3)

wO’y, = .
VL (C[ + I’lzszL)
At wyy, = 1/+4(1 —=k*)L.Cy, Re[Y,] exceeds g,, and

Im[Y;] becomes a maximum:
n*k?

RelY!] = g + ——.

% (A-4)

1 nkgun

Im[Y;] ~ wy,y,C; - (A-5)

b
wiry Ll wyRCL

respectively. Above wy y,, Re[Y;] and Im[Y;] approach grad-
ually g,» and wC; — 1/wL,, respectively.

5
Frequency [GHz]

350 T T
¢/ 2k=0.8
300F /¢ .
!/ k=06
250F 7/ 1
T 200]/ ./.' ':"".\'~"k=0.4 ]
= 150} |
T

5 6
Frequency [GHz]

Fig.A-1

(b)
gm=20 MS, L;=4.0 nH, L =0.6 nH, C,4;=150 fF, C,q,=35 F, g,,=15 mS, C=C,=250 fF, L=L,=4.0 nH, R=R,=15 2
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A2 1/Y;

The reverse of Y; is expressed as
1
1 SCL+ Sapar,
Y; D

where D is given by Eq. (16). Figure A- 1(b) shows the cal-
culated frequency response of 1/Y; with k as a parameter.
At low frequencies, 1/Y; is approximated as

; (A-6)

1 R,
Re|—|r ——MM A-7
%A [+ Rigm(1 —nk)’ A7
1
Im|[—|~0. A-
m[Yl] 0 (A-8)

Equation (16) indicates that Re[1/Y;] and Im[1/Y;] have
peaks around w,, given by Eq.(19). Above w,, Re[1/Y]]
and Im[1/Y;] approach gradually 1/g,, and 1/(wC; —
1/wLy), respectively.

Appendix B: NF Derivation

The noise of M, M>, R;, and R; contribute to the overall
LNA noise. The LNA noise factor is given by

_ |Uo,RJ|2 + |U0,M1|2 + |Uo,M2|2 + |Uo,R1|2 + |U0,RL|2

s

|v0,RJ2
(A-9)

=1+FM1+FM2+FL1+FLL7

-2 L "‘1 v, E
or k=0.8—=_x//—k=0.6
" " " 1 " " " 1

4 5 6 7
Frequency [GHz]

Calculated (a) Y7 and (b) 1/Y; with k as a parameter.



KIHARA et al.: A 0.5 V AREA-EFFICIENT TRANSFORMER FOLDED-CASCODE CMOS LOW-NOISE AMPLIFIER

DR

Fig.A-2  Noise equivalent circuit of the input stage.

where v, g, , Vom,» Vo,My» Vo.r,» and U, g, are the output noise
voltages originating from Ry, My, M», R;, and R}, respec-
tively.

The output noise voltage originating from R;, v, g,, can
be derived from the noise equivalent circuit of the input
stage, shown in Fig. A-2. The signal source noise current
is expressed as

4kgTAFf

|ins|2 = R,

, (A-10)
where kp is Boltzmann’s constant, 7 the absolute temper-
ature, and Af the noise bandwidth. The transfer function
from i, to the noise current at node I, i; g, is given by

gm]Rx
ijQMCgsl (Rs +wTLs/aM) ’

Hys(jwo) = (A-11)
where Im[Z;,(jwy)]=0 and a,, is approximated as Re[a /]
for input impedance matching as shown in Section 3.1. Us-
ing Eq. (A- 11), we have

|i1,R3|2 |Hm(]w0)l |lns|2

4kpTR w5, A
= Wi A 3 (A-12)
wilaml*(Rs + wrLg/lauml)

The common-gate stage converts ij g, to the output voltage:

00,5 = 1Zr [ lif gsl?, (A-13)

where Zy is the transimpedance of the common-gate stage
and is given by Eq. (15).
B.1 Fy,

The noise current of M, is also converted by the common-
gate stage. The noise contribution from M| can be expressed
as

Wontl?  NZrPlira P lirag

—,
o> 1ZrPligf*  lirg)?

where iy, is the noise current at node I as shown in
Fig. A-2.

The main noise sources in a MOSFET are the drain
noise current i,y and induced-gate noise current ,,, which
are expressed as

Fy, = (A-14)

573

linal* = 4kBT79doAf (A-15)

lingl? = 4kBT6( Af (A-16)
Kgao

respectively. The induced-gate noise current correlates to
the drain noise current, and the correlation coefficient is
given by [11]

lng

n
\/ |lng V |lnd|2

Using this coefficient, we can express the induced-gate noise
as

(A-17)

|ing|2 = |ingc|2 + |ingu|2

: 2.5 2
= ingPlel” + ling (1 = lel"), (A-18)
where i, and i, are the correlated and uncorrelated com-
ponents, respectively. The noise current due to M| at node I
is therefore expressed as

iz, 1> = lizpar + irngi?

= |i1,nd1 + il,ngcll + |i1,ngul|2

T . -5 / 1
= litna1 P + irpge1 i} gy + irnan Ungel

+ |i1,ngcl|2 + |i1,ngu1|2, (A 19)

where if a1, i1 ngc1, and iy g1 are the noise currents originat-
ing from i,41, inge1, and i,z at node I, respectively. From
Fig. A- 2, the transfer function from i,4; to iy ,41 is approxi-
mated as

R; (1 + a/gdl)
ay (Rs + wriLy/ay)

Hyai (jwo) = (A-20)

The transfer function from i, t0 iy 41 is also approximated
as

Imi1 (R + ‘U(]Cgrl )

jwoaMCgsl (Rs+wT1Ls/aM) )

Hyg1(jwo) = — (A-21)
Using Egs. (A- 15), (A- 16), (A-20), and (A-21), we have

) . 27 1
|lI,ndl|2 = |Hpa1 (Jwo)l” lina1 |2

N 2
4kpTy1gm R (1+ agn) Af

, (A-22)
ailay*(Rs + wriLg/layl)?
il,ngcl ’ i;,ndl +i1v”d1 .i}k,ngcl
= ngcl(j‘*‘)O)ingcl 'HZd] (ij)i;dl
+Hya1 (jwo)inar - Hyy e (o)
5, 4keTyigmR; (1 + agan) Af
= —2lel 4| mf (1 + agn) . (A23)

kiyt lamPRs + wriLy/laml)?

|i1,ngcl |2 + |i1,ngu1 |2
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Fig.A-3  Noise equivalent circuit of the common-gate stage.

. 25—
= |anl(]w0)| |1nq1|2

4kBTC¥1519m1 (R + 2C2 )Af

gsl
- . (A-24)
kilam?(Ry + wriLg/laml)?

Substituting Egs. (A- 22)—(A-24) into Eq. (A- 19) gives the
noise current of M, at node I:

4kpTR,Af
laem*(Rs + wr1 Ly /lay)?

(71/\(1 g N @1019m1 ]
1 5
e lwécsiss

liy M, |2
(A-25)

where y is given by Eq. (23). Substituting Egs. (A- 12) and
(A-25) into Eq. (A- 14) gives Fy, (Eq. (22)).

B2 Fy,

In a common-gate topology, the gate-induced noise current
of the MOSFET can be ignored against the drain noise cur-
rent:

[Vo.m, 1> = Vo na2l?s (A-26)

where v, 4, is the output voltage originating from the drain
noise current of M;, i,s», and is derived from the noise
equivalent circuit of the common-gate stage, shown in
Fig. A-3:

Nnd2
Yo+ Y,
— Nnd2

Yo+ Y,

|ind2|2

|Uo,nd2|2 = ’

2 0%
- 4kpgT —gmAf,
(¢%)
2442
sL+R )(YO+YL1C1)
. sM sM
sL; +R; sLy+ Ry
~ —sn2(1 - kz)LI Yo+ Yrc,)
+ nk(1 - nk),

(A-27)

Nor = — (SLL+RL

(A-28)

where M is the mutual inductance between L; and L;, Y,
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represents the output admittance of the input stage at node
I, and Y;,c, = sC; + 1/(sL; + Ry), as shown in Section 3.3.
Rewriting Eq. (A- 13) in terms of Yy + Y, we have

— N P Yo+ Y P —
0,Rs 2= ] s 2, A-2
[vo,Rs| Yot ¥, Y, |i7 Rs] (A-29)
N, Mo styrrp- S
e — m2 | S -
sLi+R; Gm2 L L sLi+R;
~ nk + o - sn*(1 — k*)L;. (A-30)
Dividing Eq. (A-27) by Eq. (A-29) with L; = l/wo(l +k)Cyp

and n = 1, we obtain Fy, (Eq. (24)).
B.3 FL] and FLL

The noise voltages of the parasitic resistances of L; and L;,
are given by

|UnR,|2 4kpTRIAL,
|vilRL| = 4kBTRLAf7

(A-31)
(A-32)

respectively. The output noise voltages due to v,g, and v,g,
can be expressed from Fig. A- 3:

NnRL

or |2 = k) 12 A-33
[vo,r. | Yot 7, [Var, | ( )
Nug, = gma |1 - +Yy+Y
R, = Y 2( sL1+R1) 0 L;Cy
=~ gmg(l—nk) + Y() + YL;C, (A 34)
and
) NnR 2
or 2 = l———| |k, 2 A-35
bonsP = |7 o (A-35)
N _ sL; + Ry, sM
Ry = Gm2 sL;+ R, sL; + R,
s
- — (Yo + sC
SL[ + R[ ( U [)
~ n(n —k)gm —nk(Yy + sCp), (A-36)
respectively. Dividing Egs.(A-33) and (A-35) by

Eq.(A-29) with L; = 1/w%(1 + k)Cr and n = 1, we derive
F, (Eq.(25)) and F;, (Eq.(26)), respectively.
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