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Millimeter-wave low power UWB CMOS common-gate low-noise amplifier
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Abstract; This paper presents an Ultra-wideband (UWB) low-noise amplifier (LNA) based on a single-ended com-
mon-gate (CG) in cascade with cascode configuration. The proposed LNA was implemented by a standard 90-nm RF
CMOS technology. The measured flat gain is more than 10 dB from 28. 5 to 39 GHz. The -3 dB bandwidth is
15 GHz from 27 to 42 GHz which covers almost the entire Ka band. The minimum noise figure (NF) is 4.2 dB, and
the average NF is 5.1 dB within the 27 ~42 GHz range. The S;; is better than —11 dB over the overall testing band.
The input 3rd-order intermodulation point (IIP3) is +2 dBm at 40 GHz. The DC power dissipation of the whole cir-
cuit is as low as 5.3 mW. The chip occupies an area of 0. 58 mm x 0. 48 mm including all pads.

Key words: millimeter-wave, wide-band, CMOS, common-gate (CG), low-noise amplifier(LNA) , integrated
circuit (IC)
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Introduction

The development of wireless communication de-
mands future CMOS ICs that transmit and receive data at
high speeds with low error rates, low cost and low power.
The millimeter-wave technology is acknowledged to be
promising to compensate the spectrum blockage in low
frequency range and satisfy the increasing requirements
for higher data-rate transmission. The practical demon-
strations on the CMOS monolithic millimeter-wave
ICs '"®) heighten our confidence that we have found a
more effective and economical solution than the conven-
tional ITI-V compound semiconductor technology.
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Among the building blocks in millimeter-wave front-
end, the LNA plays a dominant role to deliver sufficient
power gain for the incoming signal while suppressing the
potential noise for the desirable signal-to-noise ratio at
output. The implementation of an LNA decides whether a
CMOS process is suitable for the millimeter-wave applica-
tions. Various topologies, such as common-source, CG
and cascode, have been demonstrated available for an
LNA design. To the authors’ best knowledge, most of the
studies are carried out based on the first two choices be-
cause the common-source topology has both voltage and
current gain which is an advantage for an amplifier de-
sign, the cascode topology mitigates the Miller-effect
caused by the drain-gate parasitic capacitance C,, of the
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common-source stage which leads to a high isolation per-
formance. A 3-stage 60-GHz narrow band common-
source LNA ! was proposed with 15-dB maximum gain
and 4.4 dB minimum NF. Another V-band 3-stage cas-
code LNA ) was designed with more than 20-dB power
gain. However, it consumes a high power of 79-mW from
a 2.4-V supply, and besides, the NF is as high as 8 dB.

The CG topology, well known for its superior band-
width, linearity, stability and robustness to PVT varia-
tions, has attracted more interests from the research com-
munity. For instance, it has been used in a LNA with
differential configuration "*”!. In addition, the CG topol-
ogy was also used combined with g_-boosted *' and cur-

rent-reuse °') techniques for NF and power optimiza-
tion. Whereas, all of these studies "™’ realized the LNA
at the frequencies lower than 20 GHz. Thus, further ex-
ploration is significant to maintain the flexibilities of CG
LNA. Within this context, a 2-stage, CG in cascade
with cascode, wideband LNA is proposed to provide in-
sight into the millimeter-wave range IC design. The sig-
nificant characteristics in terms of gain, input imped-
ance, NF and linearity of the CG topology are analyzed
mathematically followed by the circuit implementation
and experimental discussions. At the end, a brief con-
clusion is conducted.

1 Annalysis of the fundamental CG to-
pology

1.1 Gain and input impedance

The ABCD matrix, well known for its cascading
characteristic, can be employed to provide the uniform
method for the gain, input impedance and noise analy-
sis. As far as the CG topology is concerned, a 2-port
small-signal equivalent model shown in Fig. 1 is used for
the ABCD matrix derivation. For the mathematical sim-
plification, R, is dismissed from the model since it is
small enough ( <10 () for a transistor with W =2 pum x
15) compared with R, 1/wC,, and 1/wC,. According-

ly, the 2-port network is characterized by

Ui1_r14 B1IU:
[II]_ C D][I2] > (D)
in which
U, 1 +sR,C,
A S R
Ul Rds
B - 12 |U2:0 - 1 +ngds ’ (3)

Fig.1 Small-signal equivalent model for NMOS transistor with
CG configuration. S, D and G represent the transistor’s source,
drain and gate node, respectively
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R Ca
€= g o scgs(mcgs) .4
I
D = I—WUZ=0 =1+ BsC,, . (5
2

Equation (5) shows that | D| =1, thus it can be
concluded that the current gain of the common gate topol-
ogy is<<1. This means there is no current gain but only
voltage gain possible in the common gate topology.

The next feature to determine is the input imped-
ance. To also take into account the effect of Z, ,, the

ABCD-parameters of the total system is represented by
A" B’ A B 1 0
c’ D'] - [c 1)”1/2103d 1] - (6)
Therefore, the input impedance can be calculated as
, A _A+B/Z,, n
¢ T C+D/Z,, -
Substituting Eqs. (4) and (5) in (7), we obtain
_ sCy +1/2,,,
Z, = 1/(sc, + N ) (8)
Usually, R, has a large value. In this case, A, B
in Egs. (2) and (3) can be rewritten as
A=sC,/g,, B=1/g, .9
When the equation above is substituted in Eq.
(8), we obtain
Z,=1/(g, +sC,) . (10)
Equation (10) implies that the input impedance of
the CG topology has little dependence on Z,,,. This is an
elemental feature of the CG topology. It provides the de-
signer the sufficient freedom to set the bias point of the
transistor for desired input impedance.
It can be found from Eq. (10) that the real and
imaginary part of Z, are
__ 8m __ _wly
g + (wC,)* et (wC,)? (D
Assume R, and X are real and imaginary part of
the source impedance, respectively. Under input matc-
hing circumstances R,, =R, X,, = — X_.. This means
an inductance equals to

in

267{;52 . (12)
&n T (ngﬁ)

As far as a NMOS transistor with W =2 pm x 15 is
concerned, the corresponding g, =16.58 mS and C,, =
23. 67 fF. Therefore, the calculated L, ., equals
78 pH at a frequency of 35 GHz.

1.2 Noise analysis

The NF of a multi-stage LNA was proved to be
mainly decided by the transistor of the first stage. The
noise sources in a CMOS device are referred to as the
channel thermal noise and the gate induced noise due to
non-quasi-static effect \''). Mathematically, the channel
thermal noise can be described as !

iy = 4Tygnf . (13)
where g4 =u,C ., W(Vs-Vy) /L is the drain conductance
for zero drain voltage.

The gate induced noise is given as

iy = 4kTag,Af , (14)
where o is a constant, g, = [w(C, +C) 1?/5g4 is a

src,match

[13]
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high-frequency rectified result referring to Ref. [ 14].

In this work, a CG topology is chosen as the input
stage. Therefore, the noise equivalent circuit of the CG
transistor should be modeled. Figure 2 shows the noise
composition of the CG topology in which the gate induced
noise is represented by a voltage source in series with a
resistor. Taking advantage of the ABCD matrix previously
derived, the output channel noise can be converted to the
input as shown in Fig. 3. Defining two variables

Vo= -Biy, 1,= - (D -1)i, (15)
ia
L]
T,
%Vu
Fig.2 Noise sources present in the transistor
B2 AR AR i R SR IR
Flg. 3 Convertmg the channel noise to the input
B3 YR IE MR R B A i
Then it can be easily determined that
|B d’ ‘n_l%vn . (16)
Thus, i, is completely correlated to V,. Substituting
Eq. (13-16), a noise resistance can be derived as

2
_ n _ 2
Rn - 4KTAf - |B| Y80 (17)

The following step is to convert the gate induced
noise to the input. Since the noise voltage source can be
shifted to the in-and output, the output noise source can
be brought back to the input by multiplying it with A and
C as shown in Fig.4. Accordingly, the NF is calculated
to be

w [V, = (1 - Dir 1P
> L- iy, ]| ,(18)
lS]'C
It is known that i, is partially corre-
lated w1th V Expendlng i, into two exp11c1t parts:
Iy = Qg + 1 , (19)

where i, and i, are V, —correlated and -uncorrelated part,

NF=1+

in which, Ty =0,

Fig. 4 Convertmg the gate induced noise to the input
B4 iFERE R AR A

respectively. Therefore, the following formula holds.
i2 = io, + i, = 4cTAfog,|c|* +

4kTAfog, (1 - |c|®) (20)
The resulting NF is found to be
- u 2 n
NF =1+ Gm JC-a Y, [P+ C..
2
DI;I r[C—(l—A)Ym]+Y ,(21)
where .
2 o (C, +C) 0
6, = o= —E % - ey .(22
u 4KAf Sgdo (1 |C| 9( )
iirc w ng( C + ng) [
Gsrc 4KTAf | ¢ | (23 )
c = Gsrc +]Bsrc (24)

In addition

e _le  la e @0+ Cy) +C>/
v, i, V, B 1 (25)

in which, the correlation factor ¢=j 0 395. Substltutlng
Egs. (2) ~(5) and (25) into (21) with R,—o in
consideration, we obtain

G r o R
=~ 2 n -
NF=1+—-" Gm [Gm + (B, Gm{ [G,.
M( src wcgd)] + (Bsre +wC +MGsre) } 9(26)
where
w(C,_+C,)
— gs gd g
M= Jelgwr, =5 === [ - @D

It is worth mentioning that Eq. (26) is a simplified
result under the assumptions (wC,/g,, )2 <1 and
MwC,/g,<1, which is usually the case.

To find the optimal value of B, , the derivative of
the NF is taken and made equal to zero dNF/9B_, =0.

B =By = (6,R0C,y - R,0C,/ (G5 +R) - (28)

The resulting optimal source inductance can be de-

rived as

Gr2+R
L

(R,,Cgs Gurgng)
As can be seen there is a tradeoff between the opti-
mal inductance concerning noise performance and input

match. To find the optimal value for G, also the deriv-
ative is taken and made equal to zero INF/9G,_ =0.

src

?é Lsrc,match . (29)

src,opt, NF =

o(C, +C) —5—
Gsre = ant = ngigd Guran * (30)
Taking into account the optimal G and B, the
resulting NF_; is determined by
2
NF,, =1+=2 /yo(1 -
ﬁ y | C |
w(Cgﬁ +ng)rg(1 + %) (31)
NI =¢

1.3 Linearity analysis
The nonlinearity of a MOS transistor arises from its
voltage-to-current ( V-I) conversion. The drain current in
a MOSFET can be modeled in terms of its gate-source
voltage as follows:
. 2 3
g = gmlvgs + gm21)gs + gnﬁvgs ’

(32)
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where g, is the main transconductance, g, represents
its second-order nonlinearity obtained by the second-or-
der derivative of MOSFET DC transfer characteristics and
&, 1s the third-order nonlinearity obtained by the third-
order derivative of MOSFET DC transfer characteristics.
To find the IIP3 of the CG topology, a linear equivalent
circuit shown in Fig. 5 is modeled to help with the deri-
vation.

| pa

—J
== (L
Css fdu ng
S

Fig.5 Linear equivalent model for the CG topology
(RIS ST e g

The current and voltage relationships shown in Fig.
5 can be described by the following set of equations :
i, == 0,sC, +1,
{_ Ve = (i, + id)Rds + iz(ngd ”Z]oad) (%)
The set of equations above can be solved to obtain
i, , which is given by
-i; = v,sC, +Kiy +v K/R,, , (34)

where
K = Ry/(Ry +sCy|Z,.) . (35)
Substituting Eq. (32) and (34) inv, =i,Z, -,
we obtain
g = [1 +Z,.(Kg,, +sC, + K/R )1V +
Kgmzzsm”; + Kgnﬁzsrev; . (36)

Notably, given y = a,x + a,x” +a,x° + +++, it can be
found that x = b,y +b,y” + by’ + -+, where
b, =1/a, , b, = -a,/a’ ,
b3 = (2(1,3 —a,la,3)/a? . (37)
Therefore, v,, can be expressed by v, according to
Eq. (36). Substituting the result in Eq. (32), i; can
be expressed as
f4 == GubiVae + (g, + €1ob1) Ve -
(guabs +2b,by8., +gm3b:;,)v::rc +, (38)
where b, =A, b, = -Kg,Z A, b, =2(Kg,,Z, )°A’
-Kg s Z, A, A=1/[1+Z, (Kg, +sC, +K/R,)].

The resulting IIP3 can be written as

IP3 = _ 2 |&uebs +2bibyg +gm3b:;, - 2
3Re(Zsre) gmlbl 3I{e(Zsre)
1
. (39)
|A| |A/gm1 - KZsrc | |gm3 - 2Kgi|2ZsrcA|

Equation (39) shows another feature of the CG to-
pology that its IIP3 has little dependence on Z,,,, and C,
when R, —oo . In this case, |KI| =1, a high IIP3 can

be obtained if the transistor is properly configured.
2 Circuit implementation

Previously, the CG LNAs were designed for low fre-
quency applications "*'*! as well as the UWB CG LNA '

whose circuit construction ( CG in cascade with cas-
code) is similar to this study. Therefore, a further in-
vestigation was carried on by this work to provide insight
into the UWB CG LNA implemented in the millimeter-
wave band. To extend the LNA’s bandwidth, the induc-
tive-peaking technique shown in Fig. 6 was introduced.
The NMOS transistor, which is loaded by a series-shunt-
series network in the LNA, is substituted by a current
source.

Fig.6 Series-shunt-series peaking network

Bl6 HE-IFE- BRI R L

To explain the effect of the series-shunt-series pea-
king network, its normalized transimpedance is derived
as
s

1+ -
)

I = o 1
k(1 —kc)( + + )+
@y mym, m,m;  Mmzm,

3 2
s 1 1 s
k(1 -k — +— )+
o ¢t1 ke (ml +m3) g
(1oL ks
m, ms; m Wy
, (40)

where w, = 1/RC, m, = R*°C/L,, m, = R°C/L,, m; =
R’C/L,, K. =C,/(C, +C,).

Figure 7 illustrates the frequency response of the
amplifier with and without (L, = L, = L, =0) series-
shunt-series peaking. As expected, the -3 dB band-
width is extended a lot ( more than 3 times) when the in-
ductive-peaking technique is utilized.

1.2
e T~ /]
P S /
1.0 =2~ ~ 4
S 0.8
2
k=
4
s 0.6
0.4 . ) .
- - - series-shunt-series peaking
—— no peaking
0.2 1 1 1 1 i
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Nomalized frequency(w/w,)

Fig.7 Frequency response of Z, with and without peaking
BT RAFMARRAELEART Zy BIBFER R
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Figure 8 schematizes the proposed LNA in which
both of the two stages incorporate the series-shunt-series
peaking network. An off-chip bias Tee is connected at
the input port to provide a closed DC loop for the first
stage. A micro-strip line (MS-Line) is employed for the
implementation of the L, .. because it has such a
small value. Additionally, an inductor is placed between
the gate of the CG transistor and VG, to assist the noise

matching and the gain flatess enhancement "', Tt is
shown in Fig. 9 that the larger inductance will improve
the noise match but deteriorate the input impedance
match. This definitely verifies the prediction aforemen-
tioned that the tradeoffs should be made between the
noise and input impedance match. Finally, a 180 pH in-
ductance was chosen for the design. Another inductor
placed between the cascode transistors is aimed to en-
hance the gain and output match.

VDD,

250 pH

160 pH

'—D Out

Fig.8 Schematic of the proposed CG LNA
B8 Al LNA 53K

NF/dB

-20 -

L 1 1 1 1 0
0 50 100 150 200 250 300
Inductance(pH)

Fig.9 §,, and NF vary with respect to the gate inductance
B9 S, 1 NF Rl BB a2 b

3 Experimental results and discussions

The proposed CG LNA was fabricated in a standard
90-nm RF CMOS process. The chip photograph is shown
in Fig. 10. The overall chip area is 0. 58 mm X
0.48 mm. The LNA draws 3 mA current from a 0. 36-V
supply at the first stage and 4.2 mA from a 1-V supply at
the second stage. On-wafer measurements are performed
by an Agilent’s N5245A 4-port 50-GHz network analy-
zer. The S-parameters measured from 25 to 45 GHz by

on-wafer probe testing are shown in Fig. 11 together with
the simulation results. Within 28.5 ~39 GHz, the meas-
ured S,, achieves a maximum value of 10. 8 dB at 31 GHz
and a minimum value of 9.5 dB at 35.5 GHz. The gain
unflatness is less than 1.5 dB in such a wide frequency
range (28.5 ~39 GHz). Moreover, the 10.5 dB level
referred — 3 dB bandwidth ranges from 27 to 42 GHz
which covers almost the entire Ka band. The measured
S,; is less than - 11 dB across the whole testing band.
The measured S,, is less than — 8.2 within a frequency
range of 25 ~ 37. 2 GHz. The simulation in general
agrees well with the measured results. The stability factor
K calculated from the measured S-parameters is greater
than 1 and A is less than 1, respectively, as shown in
Fig. 12, suggesting unconditional stability of the circuit.
Figure 13 shows both the simulated and measured NF
with a minimum 4.2 dB at 32. 8 GHz and a maximum of
6 dB at 37 GH. The average NF (NF, ) is 5.1 dB with-
in the 27 ~41. 8 GHz range. The measured results are
not fit well with the simulated ones at frequencies higher
than 40 GHz, as the operating frequency of the off-chip
bias-T at the input port is limited by 40 GHz. Fig. 14
shows the measured IIP3 at 40 GHz with a two-tone sepa-
ration of 50 MHz. An IIP3 of +2 dB is obtained by ex-
trapolation. The measured output 1-dB gain compression
point (OP1dB) is shown in Fig. 15.

Fig. 10 Chip photograph of the proposed LNA
K10 LNA f A IR A

s S, Mea. a S;Mea. = S, Mea.

---8, Sim. — S, Sim. ---- S, Sim.

S-Parameters/dB

fIGHz

Fig. 11 Measured S-parameters

Bl S-SHIRER
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Fig. 12 Measured stability factors
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Fig. 13 Measured and simulated NF
B 13 NF iR 5 E%R
15
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Input Power/dBm

Fig. 14 Measured IIP3 at 40 GHz
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The performances of the proposed LNA are summa-
rized in Table 1. The recently published papers "'*' are
also listed for comparison. The figure of merit (F. 0. M)
defined as Eq. (41) in Ref. [17]is introduced for com-
parison as well.

F.O. M. = Gain(dB) - BW(GHz)
[NF,(dB) —=1] « Pyc(mW)

It can be observed from Table 1 that the proposed

CG LNA have impressive performances in power dissipa-

tion, —3 dB bandwidth, IIP3 and F. O. M, which are

.(41)

4
2L
. o 0% .
WAL ° * .o. ® .
C§ Oi.n.l'. ¢ * '.‘
© 0 LI
[=a] ® % g%
E .
57 R
% .
4l
-6 I 1 1
25 30 35 40 45
fIGHz

Fig.15 Measured OP1dB
B 15 OP1dB fyilli4s R

Table 1 Measured performances summary and comparison
F1 WSS ST

Flat BW*/ NF,/ Pp/ 1IP3/ Size/
gi/dB GHz dB mW dBm mm?

Ref.  Process F.O.M

Topology

[18] 0.13 pm 3-stage
MWCL CMOS Common-source
[17] 0.13 pm 1-stage
TMIT CMOS Triple-Cascode
[19] 0.13 pm 3-stage
EL CMOS Common-source
[20] 90nm 1-stage TF** -
TMIT CMOS Quard-Cascode
[21] 90 nm 1-stage
TMTT CMOS  TF-Cascode
This 90 nm 2-stage
work CMOS  CG + Cascode

18.75 34~44 7.15 36 -2.5 0.525 0.8

12.8 35~43 4 28.8 N/A 0.252 1.22

15.64 20~29 3.48 22.1 -12 0.518 2.57

18.8 32~43.3 >46 15 N/A 0.212 <4

<13.8 29~44 >3.8 18 -1 0.483 <4.2

10.15 27~42 5.1 5.3 +2 0.278 17.01

* BW denotes the —3 dB bandwidth. s TF stands for transformer.

better than other published millimeter-wave LNAs repor-
ted to date.

4 Conclusion

In this paper, the CG in cascade with cascode con-
figuration with bandwidth extension technique were pro-
posed, analyzed and applied to implement a miniature
CMOS LNA. The LNA was finally fabricated in a stand-
ard 90-nm CMOS process. The on-chip measurement re-
sults feature a flat gain of 10. 15 dB within the 28.5 ~
39 GHz range, an average NF of 5.1 dB across the 27 ~
42 GHz range, an IIP3 of +2 dBm, and a relatively low
power dissipation of 5.3 mW. The large bandwidth, me-
diate gain and NF, and low power dissipation result in a

high F. O. M. The chip size of the LNA is 0. 58 x
0.48 mm’ including all testing pads.
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