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A Transformer Noise-Canceling Ultra-Wideband CMOS Low-Noise

Amplifier

Takao KIHARA ", Nonmember, Toshimasa MATSUOKA ', and Kenji TANIGUCHI', Members

SUMMARY  Previously reported wideband CMOS low-noise ampli-
fiers (LNAs) have difficulty in achieving both wideband input impedance
matching and low noise performance at low power consumption and low
supply voltage. We present a transformer noise-canceling wideband CMOS
LNA based on a common-gate topology. The transformer, composed of
the input and shunt-peaking inductors, partly cancels the noise originat-
ing from the common-gate transistor and load resistor. The combination
of the transformer with an output series inductor provides wideband input
impedance matching. The LNA designed for ultra-wideband (UWB) ap-
plications is implemented in a 90 nm digital CMOS process. It occupies
0.12mm? and achieves |S 1| < —10dB, NF < 4.4dB, and |S»;| > 9.3dB
across 3.1-10.6 GHz with a power consumption of 2.5mW from a 1.0V
supply. These results show that the proposed topology is the most suitable
for low-power and low-voltage UWB CMOS LNAs.

key words: CMOS, low-noise amplifier (LNA), noise cancellation, ultra-
wideband (UWB), transformer

1. Introduction

Ultra-wideband (UWB) technology has attracted much in-
terest in recent years, because of its ability to realize high-
speed wireless personal area networks (WPANSs), in which
electronic devices are required to transfer large amounts of
data, such as audio or video files, at a high data transfer rate.
UWB frequency bands assigned from 3.1 to 10.6 GHz are
utilized by two different communication systems: multiband
orthogonal frequency division multiplexing (MB-OFDM)
UWRB [1] or single-carrier direct sequence (DS) UWB [2].
The MB-OFDM UWB system using 14 sub-bands, each
with a bandwidth of 528 MHz, transmits signals modulated
by OFDM in the subband. The data rate is up to 480 Mbps.
The DS-UWB system spreads the spectrum over the low
band (3.1-4.85 GHz) or high band (6.2-9.7 GHz), and pro-
vides a maximum data rate of 1320 Mbps. In either case,
wideband low-noise amplifiers (LNAs) are essential for the
RF front-ends of UWB receivers.

The UWB LNA must meet several stringent require-
ments: input impedance matching, low noise performance,
and sufficient gain across 3.1-10.6 GHz at low power con-
sumption, a low supply voltage, and low cost (i.e., small area
and requiring no additional layers). In addition, it is desir-
able to implement the LNA with digital CMOS technologies
for the integration of RF front-ends and digital circuits. Al-
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though several wideband CMOS LNAs have been proposed
in recent years, none of them have simultaneously met all
these requirements. An LNA with wideband LC match-
ing networks [3] consumes a large chip area. Although
resistive-feedback LNAs [4]-[6] and common-drain feed-
back LNAs [7], [8] occupy small chip areas, they require
high power consumption and high supply voltages to si-
multaneously achieve wideband input impedance matching
and low noise performance. A reactive-feedback LNA [9],
[10] demands two thick metal layers to form a transformer
that provides a reactive feedback. Noise-canceling LNAs
[11]-[14] require additional circuits and power consump-
tion. Distributed LNAs [15],[16] consume much higher
power and larger areas than other LNAs.

In this paper, we propose a transformer noise-canceling
common-gate LNA employing an output series inductor
[17]. The proposed LNA is suitable for low-power and
low-voltage operation, and achieves |S ;| < —10dB, NF <
4.4dB, and |S,;| > 9.3dB across 3.1-10.6 GHz. This pa-
per is organized as follows. Section 2 describes the pro-
posed circuit topology and noise cancellation mechanisms.
The noise, input admittance, gain, stability, and group de-
lay of the proposed LNA are analyzed in Sect.3. Sec-
tion 4 describes the design methodology for the LNA. Sec-
tion 5 shows the measurements of the LNA implemented in
a 90nm digital CMOS process, and Sect. 6 concludes the

paper.
2. Transformer Noise-Canceling LNA

This section presents the circuit topology of the transformer
noise-canceling CMOS LNA and the noise cancellation
mechanisms.

2.1 Circuit Topology

Figure 1 shows a schematic of the proposed LNA, based on
a common-gate (CG) LNA with a shunt-peaking inductor.
The CG topology is suitable for low-voltage operation, be-
cause it does not require a cascode transistor to alleviate the
Miller effect from the CG transistor M, [18]. The main dif-
ference between the proposed LNA and the CG LNA is that
the input and shunt-peaking inductors, L, and Ly, are mag-
netically coupled to form a transformer. A similar topology
has been reported for narrowband applications [19]. The
transformer cancels the noise produced by M, and the load
resistor Ry, thereby improving the noise performance with-
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Fig.1  Schematic of the proposed LNA.

out additional circuits or increased power consumption. The
transformer also provides a positive feedback, whose mech-
anism is as follows: An output current generated by a signal
voltage flows through L, which induces a voltage that is in
phase with the signal voltage to L,,. The output series induc-
tor L, forms a  network with the parasitic capacitances, C;
and C,, extending not only the gain bandwidth, but also the
input bandwidth, which is defined as the frequency range of
[S11] < —10dB. The chip area of the proposed LNA is the
same as that of a CG LNA with a shunt-peaking inductor,
because L, can be stacked on Ly, i.e., a stacked transformer,
which occupies the area of one inductor.

2.2 Noise Cancellation

The transformer partly cancels the output noise originating
from the CG transistor M; and load resistor R, thereby im-
proving the LNA noise performance. The small-signal cir-
cuit of the proposed LNA is shown in Fig. 2, where the volt-
age supply terminal (Vpp) is connected to the AC ground;
the noise of the signal source resistance R, M|, and R are
represented by the noise current sources iy, i,4, and noise
voltage source v,g, , respectively; M, given by k+/L,L, is
the mutual inductance of the transformer and k the magnetic
coupling factor; C, represents the sum of the gate-source
capacitance of M| and the parasitic capacitances of the in-
put pad and L,; Z; is the load impedance considering the
right hand side of output node A. The mechanisms for the
noise cancellation are conceptually illustrated in Figs. 3(a)
and (b). The transformer detects noise currents flowing
through the primary (or secondary) inductor L,, inducing
voltages correlated with the currents to the secondary (or
primary) inductor Lj.

2.2.1 Transistor Noise Cancellation

The output noise voltage generated by i, is partly canceled
by the induced noise voltage originating from i,; flowing
through L,, as shown in Fig. 3(a). The noise current 4 first
flowing through L; and R; generates a noise voltage v, =
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Fig.2  Small-signal equivalent circuit with noise sources.

—ina(Ry + sLy), and then a noise voltage v/, = —ius - sM
is induced in L,. Next, i, flows through L,, producing a
noise voltage v,y = inq - L, which is canceled by v/ ;. Here,
the transformer induces a noise voltage v/, = i,q - sM in L.
The induced noise voltage v/, is correlated and in antiphase
with v,; and hence the total output noise voltage is reduced:
—ing(Ry + sLg — sM). The expression of the output noise
voltage (at node A) including the effect of Z; can be derived
from Fig. 2:

Vout,ipg = _lndZL

n2k2_nk+(R% +5Cp+ s%ﬂ)(RL+s(1 _kZ)LX)

; M
(E + Y]]v) (ZL+Rp+s(1-k?)Ly)

where n = 4/L,/L,, is the turn ratio of the transformer; Yy =
iin/Uin, described in the next section, is the input admittance
of the LNA, and i;, and v;, are the input current and voltage,
respectively, as shown in Fig. 2. The term of s(1 — k%)L in
the numerator of Eq. (1) shows that the transistor noise is
partly canceled by the transformer.

2.2.2 Load Resistor Noise Cancellation

The CG transistor M, drains a part of the output noise cur-
rent originating from v,g,, reducing the output noise volt-
age, as shown in Fig.3(b). The noise current due to v,g,,
which is given by v,g, /(sLs + Ry + Zy), first flows through
L and then the transformer induces a noise voltage v, =
—sMuyg, /(sLg + Ry + Z;) in L,,. The transistor M detects a
gate-source voltage vy, = U;zRL/SLp(l/Rs +gm+SCp+1/sLp),
and drains noise current of g,,0,, accordingly. This results in
areduction of the output noise current originating from v,g, .
Considering the noise current due to M, we can obtain the
output noise current flowing Z;:

(RL,V + (1 = nk)gy + sC, + ﬁ)vnRL

2

Lout,vur, =

(& +Yiw) (Ze + Re+ s(1 = KDL,)

and the output noise voltage (at node A), Vout,uyi, » is given
by iom,vnRL Z;. The term —nkg,, in Eq. (2) originates from the
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(b)
y : noise current \N\/\ : noise voltage

\MV!': induced noise voltage

Fig.3  Mechanisms for noise cancellation of (a) iyq and (b) vug, -
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Fig.4 Simulated NF and NFp;i, of the LNAs with and without noise
cancellation (k = 0, 1.0).

noise cancellation.
2.2.3  Verification

The effectiveness of the transformer noise cancellation is
verified through simulation. Figure 4 shows the simulated
NF and NFyy, of the proposed LNAs with and without the
noise cancellation (i.e., k = 0,1.0), where 90nm CMOS
process parameters are used and R, represents the parasitic
resistance of L,. The LNA with k£ = 0 corresponds to a CG
LNA with a load resistor and shunt-peaking inductor. The
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Frequency [GHz]

Fig.5 Simulated noise contributions from My, Ry, and R to the LNAs
with and without noise cancellation (k = 0, 1.0).

NF of the LNA with k = 1.0 is up to 2.2dB lower than
that of the LNA with £k = 0. Figure 5 shows the simulated
noise factors contributed from M;, R;, and R, (Fy,, Fg,,
and Fg,, respectively) with and without the noise cancella-
tion. The transformer reduces Fy, by up to 35% and Fg, by
65%. The contribution from R, also slightly decreases and
hence R, contributes little to the overall NF (i.e., 0.1dB in
Fig.4). The noise contributions from M; and R; change
with the turn ratio. A noise optimization procedure will be
presented in the next section.

3. Circuit Analysis

The transformer improves the LNA noise performance at the
cost of the input and gain bandwidths. The output series
inductor L; extends both the bandwidths. In this section,
the noise, input admittance, gain, stability, and group de-
lay of the LNA are analyzed, and noise optimization and
impedance matching procedures are presented.

3.1 Noise

The amount of noise cancellation is mainly determined by
the turn ratio of the transformer. From the small-signal
equivalent circuit shown in Fig. 2, the output noise voltage
due to R, is given by

(gmRL + nk + 5(1 = K)Lyg) ins
L .
(% + Yiv) (Ze + R + s(1 = K)Ly)

3)

Vout,i,s =

Using Egs. (1)-(3), we obtain the noise factor of the pro-
posed LNA:

F%1+FM]+FRL, (4)
v 2
out,ing

Fy, = |2
Uom,i,,.;
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1 1 2
n2—n+(E +ij1,+m)RL R )
= 7\ LANCRY
ngL +n 79 ’
0,
FRL _ out,vnr,
Vout,i,s
1 . 1 2
B (1 =n)gnRy + (R_g + jwCp + jw—Lp)RL R,
- gmR +n R’
(6)

where g, is the zero-bias drain conductance of M;; the
coefficient of channel thermal noise y equals 2/3 in long-
channel MOSFETsS, but exceeds this value in short-channel
MOSFETs [20]-[22]. The value of y in a fabricated 90 nm
MOSFET is approximately two, shown by the measured and
simulated NF of the LNA, as will be shown in Sect. 5. For
simplicity, the magnetic coupling factor k is assumed to be
one. The parasitic resistance of L,, the parasitic capacitance
between L, and Ly, and the induced-gate noise current of
M, are ignored, because they do not have a significant effect
on the overall NF. The transconductance g,, and load re-
sistance R;, cannot be optimized for noise, because they are
determined from input impedance matching conditions, as
will be shown in the following subsection.

The optimum 7 for the noise performance can be ob-
tained from Eqs. (4)—(6). Setting the derivatives of Egs. (5)
and (6) with respect to n to zero (i.e., 0Fy,/0n = 0 and
0Fg,/0n =0 for w = 1/+/L,C,), we can obtain

R
Nopting = _ngL + \/(ngL)z + ngL + R_L, (7)
K
1

gmRs ’

nopr,u”RL =1+ (8)
for which a minimum F, and Fp, are achieved, respec-
tively. Similarly, the optimum » for F, n,,, can be obtained
from 0F/on = 0:

Ry
X (nfz;pt + 2nop — DgmRy — R—)79d0
s

- ((1 = Nopt) G + Ris)(gfnRL +gm + RLX)RL =0. (9)
Figures 6(a) and (b) show the calculated F, Fy,, and Fp,
(R, = 50Q) versus n and NF with R, as a parameter at
w = 1/4/L,C,, respectively. For Ry = 50 Q, minimum F,
Fg,, and F are achieved for n of 0.68, 1.66, and 1.0, given
by Eqgs. (7)—(9), respectively. Figure 6(b) shows that the cal-
culated NF (R, = 150Q) for n = 1.0 is consistent with
the simulated NF' (k = 1.0) at 7.2 GHz, shown in Fig.4,
although R, is ignored in Egs. (4)-(6). Moreover, the NF
becomes a minimum around one even with varying R; from
50 to 200 Q2. A large n makes the LNA unstable, as will be

IEICE TRANS. ELECTRON., VOL.E93-C, NO.2 FEBRUARY 2010
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Fig.6  Calculated (a) F, Fy,, and Fg, (R = 50 Q) versus n and (b) NF
with Ry, as a parameter.

explained in Section 3.4, and leads to an increase in the par-
asitic capacitance of L, causing poor high-frequency per-
formance. The optimum 7 is thus determined to be one.

3.2 Input Impedance Matching

In the proposed topology with the input and shunt-peaking
inductors coupled, the output load affects the LNA input
impedance through the coupling. The output series induc-
tor L; contributes to wideband input impedance matching.
From Fig. 2, the input admittance of the proposed LNA, Yy,
is given by

- +Yr. (10)

YIN(jw) =gm+ chp +
4

The first three terms in Eq. (10) represent the input admit-
tance of the CG LNA. The last term Y7 is generated by cou-
pling L, and Ly, and is given by

nk(nk — gmZy)
RL+Zp + jwn?L,(1 - k)

Yr(jw) = (1D

When L, is connected in series with the output, Z; is ex-
pressed as
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Fig.7
without L;.

where C) represents the sum of the gate-drain capacitance
of M, and the parasitic capacitance of L;; C,, which is typ-
ically larger than C|, represents the sum of the input capac-
itance of the following stage and the parasitic capacitance
of L;. Equations (10)-(12) show that Y}y is a function of
Y7, whose frequency behavior significantly depends on that
of Z;. From Egs. (10)—(12), the calculated frequency behav-
ior of Y7 is shown in Fig.7(a) (solid line), and that of Y
for Z; (jw) = 1/jw(C; + C») is also shown for comparison
(dashed line). The & network consisting of Cy, Ly, and C;
acts as a short or an open [23] (i.e., Z; = 0 or o), providing
a maximum and minimum Re[Y7(jw)] and Im[Y7(jw)]:

. 1 . 1
Zi(jw) = ——=// (JwL1 + =
JwCy

. n2k?
Re[YT(]w)]max X, (13)
Ry
Re[Y7(jw)lmin = —nkgn, (14
. nk nk
Im[Y7(jw)lmax = > (gm + R_L) 15)
. nk
Im[YT(]w)]min = _7
LiC
( Im Cll+é2 " n_k] (16)
L.C ’
e Tt n2(1-k»)L, Rc
at the following frequencies:
1
W = : (17)
VLG
1
wy = (18)

—’
[ cc
Ly C+C,

Frequency [GHZ]

Frequency [GHz]
(c)

Calculated real and imaginary parts of (a) Y7 and (b) Y;y, and (c) S; of the LNAs with and

1
P — 19
YT RUC+ C) 1
RL
Wi ~ , (20)
FE +n2(1- 1)L,
respectively. The above equations and approximations

are derived from the following conditions: Z; = 0 and
jon*(1 - kz)L,, is ignored against R, in Egs. (13) and (17);
Z;, = oo in Eqgs.(14) and (18); Z; = 1/jw(Cy + Cy)
and w’n*(1 = k?)L,(C; + C2) < 1 in Egs.(15) and (19);
Z; = jwLiCy/(C; + C3) in Egs. (16) and (20). A negative
Re[Y7r(jw)] shown in Eq. (14) originates from the positive
feedback provided by the transformer. The calculated Y}y is
also shown in Fig. 7(b). The real part of Yy, Re[Yiny(jw)],
is simply shifted by g,, from Re[Y7(jw)], and the imaginary
part of Yy, Im[Y;n(jw)], becomes zero at resonance fre-
quencies. The first resonance frequency wy is derived from
the following equation:

Im[Y;y(jwo)] = jwoCp +
.]"-)OLp
. nk(Cy + Co)(nk + gmRy)
+Jjwo ) — =0,
1+ wORL(Cl + Cz)

2y

where the last term in Im[Y;x(jwo)] is Im[ Y7 (jwy)] for Z; =
1/jwo(Cy + C3) and w%nz(l - kz)Lp(Cl +Cy) < 1.

The requirements of g,, and Ry, are derived from the in-
put impedance matching condition in the frequency range
from wy to w;. For input impedance matching (S| <
—10dB), Y,y must satisfy the following condition:

1 -RYin

S| =
1S 111 T+ RV

< 0.316. 22)
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When Im[Y;y(jw)] = 0, Eq. (22) can be simplified to
10mS < Re[Y;y(jw)] < 38 mS. (23)

At wo, Im[Y;y(jwo)] = O and the real part of Y;n(jw) is
approximated as

nk
1+ WiR:(Cy + Cy)?

RelYn(jwo)] = gm (1 ), (24)

where a)énkRL(C 1+C2)?/gm < 1. Substituting Eq. (24) into
Eq. (23) gives the lower limit to g,,:

nk
- . 25
1+ ngi(Cl + Cz)z) (25)

10mS < gm(l

In the frequency range from wy to wy, the real and imagi-
nary parts of Y;y reach the maximum values at w; and ws,
respectively:

n2k2
Rel[Yin(jw)lmax = gm + R—, (26)
L
. 1 nk nk
e (gm . R_L),
(27)

where wy < w3 < w; and w3 < 1/4/L,C, are as-
sumed. Substituting Egs. (26) and (27) into Eq. (22), we
can have the worst case upper limit to g,, and lower limit
to R;. For example, when Im[Y;y(jw)] is negligible against
Re[Y;n(jw)] (around wy), the following condition is derived
from Eqgs. (22) and (26):
272
Im + ﬁ < 38 mS. (28)
Ry
An impedance matching procedure for the proposed LNA is
as follows:

1. Select g,, and R, to satisfy Egs. (25) and (28)

2. Select L, such that wg equals the lower edge of the
desired input band

3. Select L; such that w4 equals the upper edge of the de-
sired input band

Figure 7(c) shows the calculated S;; of the LNAs
with and without L, where wy and w4 are set to approxi-
mately 3.1 GHz and 10.6 GHz, respectively. A transconduc-
tance of 30 mS, a load resistance of 150 Q, and other val-
ues shown in Fig. 7 result in Re[Y;y(jw)lmax =~ 35mS and
Im[Y;n(jw)Imax = 10mS, allowing |S ;| < —10dB from wy
to w;. Around wy, the 7 network including L; decreases
Re[Y;n(jw)] and Im[Y;y (jw)]:

. nk w4L1C29m
Re[Y, =gy - — | ————=— - nk|, 29
elYiv(jwd)l =g 2RL( Cr 1 G n) (29)
Im[Y;n(j = wysC, —
m[Yv(jws)] = wsC)p o,

nk ((’-)4L1C29m i k) (30)

_E Ci+(C
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providing |S1;] < —10dB. Consequently, the input
impedance matching is achieved from wy to ws.

3.3 Gain

The transformer provides the positive feedback from node A
to the input, as shown in Sect. 2.1. The transformer positive
feedback reduces the gain (S;;) bandwidth of the LNA. The
S, of the LNA with output impedance matching is given by

_ Vout _ 2Uin Vout _ 2
Sa1

= You _ -~ A, 31
vs/2 Us Uip 1+R YN ( )

where v; is the signal voltage and A,, defined by v,y /vy, 1S
the voltage gain from the input to the output of the LNA,
as shown in Fig. 2. Equation (31) shows that the frequency
response of A, is shaped by that of Y;y (i.e., S1;), which
results in that of S ;.

The frequency response of A, of the proposed LNA
is similar to that of a CG LNA with a load resistor and
output series inductor. The output network combining a
shunt-peaking inductor with an output series inductor gives
a larger bandwidth than the counterpart with either induc-
tor, as explained in [23], [24]. However, the shunt-peaking
inductor L, in the proposed LNA does not increase the band-
width. The A, of the LNA is given by

Ay(s) =
nk 1-k* s
ngL(l + gmRL + my wc)
5 1-k2 | 1-k\ 52 | k(-k) $3 | 1-k% ke(U—k) s*°
1+wc+(m1+m2)w§+ m  w} m o omy
(32)

where k. = C/(Cy + C3), m; = Ri(Cl + C,)/L,, and
my = R2(Cy + C>)/Ly [24]. Substituting k = 0 into Eq. (32)
gives the A, of the CG LNA with both the shunt-peaking and
output series inductors. Equation (32) shows that all m; are
divided by a factor of (1 —k%),i.e., L,is multiplied by a factor
of (1 — k?). This means that the effective L, in the proposed
LNA becomes small, compared with the shunt-peaking in-
ductor in the CG LNA, and then contributes less to band-
width extension. The calculated A, with k as a parameter is
shown in Fig. 8, where f, = 4.2GHz, k., = 0.4, m; = 1.6,
and my = 2.25 originate from C; = 100fF, C, = 150fF,
Ly, =3.5nH, L; = 2.5nH, and R, = 150Q. A very large
peak (ripple) is found when k = 0, because L; is larger than
Ly, ie., m; < my [23],[24]. Figure 8 shows that both the
peak and bandwidth decrease as k increases. Consequently,
the bandwidth of the proposed LNA (k =~ 0.9) closely equals
that of the CG LNA with only the output series inductor.
A flat voltage gain of the CG LNA across the entire UWB
frequency band can be obtained by selecting an appropriate
value of m, (approximately 2), as discussed in [24].

An S, variation of the proposed LNA mainly origi-
nates from the characteristic of Y;y (S1). As shown in
Fig. 7(c), the input impedance matching condition improves
around wq and w4, but deteriorates around w;. This means
that an input signal of w; is less transferred to the input of
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Fig.9 Calculated A, and S5 of the proposed LNA with k = 0.9.

the LNA, compared to that of wy or w4, which results in a
reduction in the magnitude of S;; around w;. The difference
between S, (jwp) and S;,;(jw;) can be approximated from
Eq. (31):

ASy = 521(1:(00) _ 1+RSY1N(]:(U1)
S21(jw1) 1+ RYin(jwo)
_ L+R;-Re[Yin(jwi)]
"~ 1+ R, - Re[Yin(jwo)l’

(33)

where A,(jwy) = A,(jw;) is assumed, the real parts of
Yin(jwo) and Y;y(jw;) are given by Egs.(24) and (26),
respectively, and the imaginary parts of Y;y(jwo) and
Yin(jw) can be neglected, as shown in the previous subsec-
tion. Figure 9 shows the calculated A, and S,; of the pro-
posed LNA with £ = 0.9. Substituting the parameters shown
in Fig. 9 into Eq. (33) gives AS,; = —3.6dB, while an S,
variation of —4.7 dB is seen in Fig. 9, and then —1.1 dB orig-
inates from the difference of A,. The difference of S,; can
be reduced by decreasing Ry, as shown by Eqgs. (24), (26),
and (33). Moreover, using a common-source (CS) ampli-
fier with a gain peak around w; as the second stage, we can
obtain a flat gain.
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3.4 Stability

The proposed LNA becomes potentially unstable, due to the
transformer positive feedback. A linear two-port is uncondi-
tionally stable when it meets the following conditions [25]:

ICs| <1, (34)
ICzl <1, (35)
ICzvl <1, (36)
Cour| <1, (37

where I's, I';y, I't, and Tpyr represent the source, input,
load, and output reflection coeflicients, respectively. Equa-
tions (34)—(37) state that the real parts of the input and
output impedances for passive source and load impedances
must be positive [25]:

RC[Z[N] > O, (38)
RC[ZOUT] > 0. (39)

In what follows, to simplify the expression of the output
impedance of the LNA, we will verify whether the LNA
without the output 7 network (C;, Li, and C,) satisfies the
above conditions or not.

First, the real part of the input admittance of the LNA
can be derived from Eqgs. (10)—(11) for Z;, = oo:

Re[Yin(jw)] = gm (1 — nk). (40)

In the case of the proposed LNA, n is selected to be one,
shown in Sect. 3.1, and k of the on-chip transformer is less
than one [26]: nk < 1. The requirement of Eq. (38) is thus
satisfied. Next, the output impedance considering the left
hand side of output node A (Fig.2) is given by

Zoura(jw) =
(- + 103 (ol = 0) 5
RLX +gm(1 _nk)+jwcl’+ jwl_L,, .
(41)

Equation (41) indicates that the real part of Zpy7.4 becomes
amaximum around w = 1/ 4/L,C, and can be approximated
by

Re[Zoyra(jw)] = Ry, (42)

(=KL [ 1
T (— + gm)’ (43)

Re[Zoyra(jw)] = Ry + R
s

at low and high frequencies (i.e., w < 1/+4/L,C, and
w > 1/+/L,C,), respectively. The requirement of Eq. (39)
is therefore satisfied.

The stability is also ensured through simulation. Fig-
ure 10 shows the simulated K and B; of the proposed LNA,
which are given by [25]

_ 1181l — 1Snf + AP

K b
2|S 12821l

(44)
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respectively, where A = S§11S52 — §12521. The necessary
and sufficient conditions for unconditional stability are K >
1 and B; > 0 [25]. The simulations show that the LNA
satisfies these conditions across the entire UWB frequency
band.

3.5 Group Delay

A group delay variation is important for DS-UWB or pulse-
based UWB systems. The group delay is the derivative of
the phase of the signal transfer function (S,;), and hence
any resonance in the signal path contributes to the variation
[27]. The critical resonances in the proposed LNA origi-
nate from the combinations of L, (transformer) and C,, at
the input, and L, C;, and C, at the output, and these res-
onance frequencies, wy and w,, are given by Egs. (21) and
(18), respectively. Pushing the resonance frequencies out of
the desired frequency band (i.e., increasing L, or decreasing
L)) allows a small group delay variation. Figure 11 shows
that the simulated group delays of the proposed LNA with
L, and L, as a parameter. The group delay (for L, = 3.0nH
in Fig. 11(a)) dramatically changes around 3 GHz (wy) and
11 GHz (w;). The simulations also show that the variation
can be reduced by increasing L, or decreasing L.

4. Design

By using a 90 nm CMOS process and device parameters, the
proposed LNA is designed to satisfy the following typical
specifications of the UWB LNA: |S;| < —10dB, NF <
4dB, and |S;;| > 10dB across the entire UWB frequency
band (3.1-10.6 GHz). Current consumption is set to 2.5 mA
ata 1.0V supply.

4.1 Input Transistor and Load Resistor

The transconductance g,, and load resistance R; are deter-
mined by the input impedance matching conditions, given
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Fig.11  Simulated group delays with (a) L, and (b) L; as a parameter.

by Egs. (25) and (28), and the desired gain. A transconduc-
tance of 30mS and load resistance of 145 Q provide both
IS1i] < —10dB and A, ~ 14dB" in the lower UWB band
(3.1-5 GHz). The load resistance includes the parasitic re-
sistance of L;. A bias current of 2.5 mA and g,, of 30 mS
result in a gate width of 4 X 10 um (10 gate fingers, each
with a unit of of 4 yum width) and gate length of 100 nm.

4.2  Transformer

The transformer adopts a stacked configuration in which L,
is stacked on L;. This configuration provides the largest
coupling factor and a small area [26]. The large parasitic
resistance of Lg, due to the lower thin metal layer, is not
problematic, because it can be absorbed into R;.

The parasitic capacitance between L, and L, C,, has a
relatively small effect on the LNA performance. This capac-
itance significantly affects the frequency response of a non-
inverting transformer [26]. Although the proposed LNA em-
ploys the noninverting stacked transformer, the signal cur-
rent injected into L; by M, reduces the effect of C.. Fig-
ure 12 shows the simulated S 1; and NF of the LNA includ-

TAt low frequencies, A, ~ g,,R, + nk = 5.25.
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ing C.. In the lower UWB band, C, slightly decreases the
magnitude of the S;; and has little impact on the NF’; in
the higher, a large C. decreases the input bandwidth and
increases the NF by up to 0.20dB. In the simulations, for
wideband input impedance matching, C, must be less than
300 fF, which can be realized even with the stacked trans-
former.

The transformer is designed to achieve |S ;| < —10dB
(of the LNA) in the lower UWB band and NF < 4.0dB
across the entire UWB band. Selecting L, such that wg
equals approximately 3.1 GHz allows the LNA to achieve
|S11] < —10dB in the lower band. A wide metal for real-
izing L, reduces the parasitic resistance; however, it leads
to a large chip area and large parasitic capacitance. For L,
we adopt a 3.5-turn square inductor with an outer diameter
of 165 um, metal width of 3 ym, and metal spacing of 2 um.
To achieve a turn ratio of one, L is designed as follows: an
outer diameter is 165 um, a metal width 2 um, and a metal
spacing 3 um. The metal thicknesses of L, (top pad metal)
and L, (metal 6) are 1.9 um and 0.9 um, respectively’. The
parasitic capacitance C. is reduced by offsetting the up-
per metal layer from the lower by short horizontal distance
(3 um), which results in C. =~ 240fF. Three-dimensional
(3-D) electromagnetic (EM) simulations by Ansoft HFSS
showed L, = L, = 4.0nH and k = 0.9 at low frequencies.

4.3 Output Series Inductor

The output series inductor L; is designed to set w4 to the up-
per edge of the desired input band (10.6 GHz). We use a rel-
atively low Q inductor to reduce the chip area and parasitic
capacitance, which reduces the gain bandwidth of the LNA.
The outer diameter of L; is 140 um, the metal width 3 yum,
the metal spacing 2 um, and the metal thickness 1.9 um (top
pad metal)’. EM simulations showed that the inductance
and maximum Q were 3.2nH and 6.0 (at 5.0 GHz), respec-
tively.

5. Experimental Results and Discussion

The designed LNA was fabricated in a 90 nm digital CMOS
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Transformer

0.25 mm

Fig.13  Micrograph of the fabricated LNA.

process without metal-insulator-metal (MIM) capacitors. A
micrograph of the fabricated LNA is shown in Fig. 13. The
active chip area excluding pads was 0.48x0.25 mm?. The in-
put and output pads were not electrostatic-discharge (ESD)
protected. Metal fills consisting of metal 1-6 layers were
placed both inside and outside the fabricated transformer
and inductor to meet metal density rules in the CMOS pro-
cess. They were 1.5 um by 1.5 um squares with a spacing of
0.2 um. The average horizontal distance between the metal
fills and traces of the inductors was 15 um. For measure-
ments, a unity-gain CS amplifier with a 50 Q output resistor
was used as a buffer. The S-parameters, noise, and linearity
of the LNA were measured using on-wafer RF probes. The
power consumption of the LNA and buffer were 2.5 mW and
4.0 mW, respectively, at a supply voltage of 1.0 V.

Figure 14 shows the measured and simulated S;; and
S51 of the LNA. The LNA achieved |[S1;] < —10dB and
[S21] > 9.3dB across 3.1-10.6 GHz. The discrepancy
between the measurements and simulations at frequencies
above 4 GHz is mainly attributed to insufficient accuracy in
the simulations of the transformer and inductor used. The
HFSS simulation models of the transformer and inductor
included no metal fills to solve convergence problems and
reduce the memory requirement. The metal fills increase
the parasitic capacitances and resistances of the transformer
and inductor [28]-[30], which results in the discrepancy.

Figure 15 shows the measured and simulated S, of
the LNA with the buffer. The LNA achieved |S 12| < =34 dB
across 3.1-10.6 GHz. The measured S ;, of the stand-alone
buffer (not shown) was less than —24 dB over the same fre-
quency range. Thus, the S, of the LNA without the buffer
was less than —10dB. The poor reverse isolation perfor-
mance is due to the transformer, and an additional stage may
be required to improve the isolation performance.

Figure 16 shows the measured and simulated group de-

"The inductors L, and L, in the previous work [17] were im-
plemented by using metal 6 layers (0.9 um thick) and L, by using a
metal 5 layer (0.3 um thick). This leads to the differences between
the simulations/measurements shown in [17] and in Sect. 5.
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lays. The group delay variation increased around the edge of
the UWB frequency band, as analyzed in Sect. 3.5. A group
delay variation of approximately 60 ps was achieved for the
entire band.

Figure 17 shows the measured and simulated NF of the
LNA. Note that these results included the noise of the out-
put buffer, which increased the overall NF by 0.8 dB for an
LNA gain of 10dB in simulation. The LNA with the buffer
achieved an NF of 3.8-4.4 dB" across the entire UWB band.
This means that the proposed LNA with an additional CS
amplifier like the buffer can achieve NF < 4.4dB. The
difference between the measurements and simulations can
be explained by the extra input-referred noise of the buffer,
caused by the lower measured gain than the simulated one.

Figure 18 shows the measured output power of the fun-
damental tone and third-order intermodulation (IM3) prod-
ucts for two tones (3.000 GHz and 3.001 GHz). The mea-
sured input third-order intercept point (IIP3) and 1-dB com-
pression point (including the effect of the output buffer)
were approximately —9.3 dBm and —20 dBm, respectively.
Figure 19 shows I1P3 and /1P, measured by applying two
tones (f; and fp) with 1-MHz spacing. The measured fre-
quency range of 3—6 GHz was limited by a signal genera-
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tor, and IM3 and IM, products were measured at 271 — f»
and fii + fn'T, respectively. The LNA obtained //P; >
—9.3dBm and //P, > —6.3dBm in the frequency range.

Table 1 shows a summary of the LNA performance and
a comparison with previously reported wideband CMOS
LNAs. The proposed LNA achieved input impedance
matching and comparable noise performance across the en-
tire UWB band with the lowest reported power consumption
and supply voltage. The LNA also consumed the smallest
chip area among the 3.1-10.6 GHz LNAs employing induc-
tors [10], [11], [16], [24].

An additional amplifier stage can allow the proposed
LNA to achieve more and flatter gain across 3.1-10.6 GHz.
A relatively low gain of the implemented LNA (> 9.3dB)
leads to an increase in the overall NF of the receiver. For
instance, the NF specification for RF receivers of the MB-

"We found noise measurement errors in the previous work
[17]. We overmeasured the loss of an input cable by approximately
1.0dB. This resulted in smaller measured NF in [17] by 1.0dB.

f"Due to the wideband characteristic of a UWB LNA, IM, prod-
ucts at f;; + fp» generated by the LNA do not decrease and then
affect the performance of a receiver.
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OFDM UWB system is less than 6.6dB [31],[32]. A re-
ceiver employing the proposed LNA may have difficulty in
satisfying such an NF specification. A CS amplifier with
a load inductor, shown in Fig. 20, improves the LNA gain,
alleviating this problem. The CS amplifier is designed to
have a gain peak around 8.0 GHz and power consumption
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of 2.0 mW. The 2.6-nH inductor consists of stacked square
spiral inductors implemented by the top pad metal and metal
6 layers, and occupies only 55x55 um?. Figure 21 shows the
simulated S;; and NF of the LNAs with and without the CS
amplifier. The inductor was designed by using the EM sim-
ulator. The LNA with the CS amplifier achieved more and
flatter gain (|S,;| > 20dB) and the same noise performance
as the LNA without the CS amplifier (NVF < 4.3 dB) across

; ' ' ' ' ] 3.1-10.6 GHz. The group delay variation (not shown) was
oF ] reduced to approximately 20 ps. Considering the measure-
a r 1 ments of the fabricated LNA, we conclude that the proposed
s 20 ¢ ] LNA with the CS amplifier can achieve |S,;| > 20dB and
= a0l R NF < 4.4dB across 3.1-10.6 GHz with an additional power
% C ] consumption of 2.0 mW and chip area of 55 x 55 um?.
o -60f .
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Table 1  Measured performance and comparison of wideband CMOS
LNAs.
CMOS BW* NF So1 11P3 Supply | Power’| Area
Reference || Technology | [GHzl [dB] [dB] [dBm] V] [mW] | [mm?] Topology
This work 90 nm 2.8-12 3.8-4.4%] 93-13.1% -9.3 1.0 2.5 0.12 Transformer noise-canceling CG
[4] 90 nm 0.5-6.2 1.9-2.6 25° -16 2.7 35.2 0.025 Resistive feedback CS
[6] 90 nm 0.5-5.0 2.3-2.6 21-22° -8.8 1.8 12 0.012 Resistive feedback CS
[7] 90 nm 0-6 3443 | 12.5-153 N/A 1.0 34 0.0017 Common-drain feedback CS
[8] 130 nm 1-7.4 >2.4 15-17°¢ —4.1 1.4 25 0.019 Common-drain feedback CS*
[10] 130 nm 3.1-10.6 | 2.1-2.9 | 13.7-16.5 -8.5 1.2 9.0 0.40 Reactive feedback CS
[11] 180 nm 0-14.1 45-51%| 12.0-13.7%] -6.2 1.8 20 0.50 Noise-canceling CG using CS
[13] 65 nm 0.2-6.2 | 2.84.2 9.9-15.6° 0 1.2 14 0.009 Noise-canceling CG using CS
[14] 130 nm 3.7-8.8 3.6-4.5 8.1-11 -7.2 1.5 19 0.05 Noise-canceling CS
[16] 180 nm 1-11 2.9-3.0 8-9 -3.55 1.8 21.6 0.20 Distributed
[24] 180 nm 2.6-10.7 | 44-53%] 6.0-8.5% 74 1.8 4.5 0.40 Capacitor cross-coupled CG*

*Input bandwidth fWithout buffers ¥3.1-10.6 GHz frequency range ° Voltage gain * Input-output differential topology
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that the best turn ratio for the noise performance is one
and input impedance matching depends not only on the
common-gate transistor but also on the load resistor. The
LNA designed for UWB applications was fabricated in a
90nm digital CMOS process. The fabricated LNA occu-
pied 0.12 mm?, and achieved |S ;| < —10dB, NF < 4.4dB,
and |S,;| > 9.3dB across 3.1-10.6 GHz, while consuming
2.5mW from a 1.0V supply. The proposed topology is the
most suitable for low-power and low-voltage UWB CMOS
LNAs.
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