Analog Integr Circ Sig Process (2015) 85:361-372
DOI 10.1007/s10470-015-0629-5

CrossMark

@

Analysis and design of low noise transconductance amplifier

for selective receiver front-end

Quoc-Tai Duong'® - Fahad Qazi’ - Jerzy J. Dabrowski'

Received: 18 June 2015/Revised: 26 August 2015/ Accepted: 28 August 2015/ Published online: 7 September 2015

© Springer Science+Business Media New York 2015

Abstract Analysis and design of a low-noise transcon-
ductance amplifier (LNTA) aimed at selective current-
mode (SAW-less) wideband receiver front-end is pre-
sented. The proposed LNTA uses double cross-coupling
technique to reduce noise figure (NF), complementary
derivative superposition, and resistive feedback to achieve
high linearity and enhance input matching. The analysis of
both NF and IIP3 using Volterra series is described in
detail and verified by SpectreRF® circuit simulation
showing NF <2 dB and IIP3 = 18 dBm at 3 GHz. The
amplifier performance is demonstrated in a two-stage
highly selective receiver front-end implemented in 65 nm
CMOS technology. In measurements the front-end
achieves blocker rejection competitive to SAW filters with
noise figure 3.2-5.2 dB, out of band IIP3 >+417 dBm and

blocker P4 >+5 dBm over frequency range of
0.5-3 GHz.
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1 Introduction

For a multi-standard radio receiver the wideband RF front-
end circuit is essential. It is well known that a low-noise
amplifier (LNA) as the first front-end stage largely decides
the receiver performance in terms of noise figure (NF) and
linearity. With relaxed requirements on RF filters the
demands placed on the front-end linearity are usually
increased according to intermodulation or cross-modula-
tion effects evoked by strong interferers. While the non-
linear contribution of the following receiver stages is raised
by the LNA gain, the overall NF is reduced. As a conse-
quence a reasonable balance between linearity and noise
performance of the LNA, mixer, and to some extent the
baseband stages must be attained. One possible solution to
this problem is a current-mode front-end where LNA is a
transconductance amplifier (LNTA) followed by a passive
mixer [1-7]. Since current rather than a voltage is applied,
the mixer design is simplified and also the effect of 1/f
noise is diminished. Most of those designs implement the
concept of so called SAW-less front-end making use of
N-path filtering [8]. In fact, it is the high output impedance
of LNTA that jointly with low impedance of the N-path
circuitry enables significant blocker attenuation at offset
frequencies. In this case the demands for the input range
(up to 0 dBm, i.e. 632 mV,,), and respectively for the
linearity and compression of the LNTA, are exacerbated
since the attenuation is achieved at the output rather than at
the input of the amplifier. Additionally, such an LNTA is
challenged by the requirement of wideband (WB) opera-
tion typical of the contemporary multi-band radios.

The LNTA nonlinearity originates from two major
sources: nonlinear transconductance which converts linear
input voltage to nonlinear output drain current, and non-
linear output conductance, the effect of which is evident
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under large output voltage swing. The latter can be avoided
using a low impedance output load that is usually achieved
using a passive mixer followed by a transimpedance
amplifier (TIA) [1-6].

Several techniques exist to improve linearity of LNAs
[9]. The optimization of gate bias voltages can fairly
improve linearity of LNA [10] but it leads to reduced range
of the input amplitudes and increased sensitivity to process
variation. The WB negative feedback by resistive source
degeneration also improves linearity but limits the voltage
headroom of the devices and adds extra noise. Superposi-
tion of an auxiliary transistor to cancel nonlinearity of the
main device, called derivative superposition (DS), extends
fairly the linear gain range [11, 12]. Its variant referred to
as the complementary DS also improves the second order
nonlinearity of the amplifier [13]. More recently, this
technique has been also presented in [7, 14, 15]. Unlike
DS, in the post-distortion technique (PD) the auxiliary
device operates in saturation and is controlled by the output
voltage. The PD advantage is in superior PVT robustness
as demonstrated e.g. in [16].

Other critical concerns in LNA/LNTA design i.e., the
input matching and noise figure (NF) usually cannot be
compromised. A popular wideband matching technique
exploits the common gate (CG) circuit with its input
impedance approximated by the inverse of the front device
transconductance (1/g,,). Since in this case g, is virtually
bound to 20 mS, achieving larger effective values of the
amplifier transconductance requires an extra amplification
stage. To guarantee NF of the CG amplifier below 3 dB
extra mechanisms are necessary, such as negative/positive
feedback [17, 18], output noise cancellation using an
auxiliary amplifier [19] (also called feed forward cancel-
lation), or capacitive cross coupling when a balanced cir-
cuit is used [20]. Another WB matching technique
providing a low NF is based on the reactive feedback
which requires on-chip RF transformers [21].

A combination of a low noise figure with high linearity
for wideband LNTA applications in CMOS was presented
in [1-6, 13, 22, 23]. In particular, the noise cancelling
receiver demonstrated in [4] extends the noise cancelling to
the N-path filter/mixer resulting in the superior NF, but it
consumes more power than the circuits using conventional
noise cancellation [1-3, 5, 6].

In this paper we present analysis and design of LNTA
suitable for current-mode wideband front-end with RF
N-path filtering in 0.5-3 GHz frequency range. The LNTA
design combines two linearization techniques, namely the
derivative superposition and resistive feedback, with NF
reduction by double capacitive cross-coupling which
results in superior noise performance. The resistive feed-
back also helps to attain good input matching without
sacrificing gain of the common gate input stage. By using
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elevated supply voltage the LNTA can tolerate blockers up
to 0 dBm without compression. The mathematical analyses
of NF and IIP3 are described in detail and the achieved
estimates are verified by SpectreRF® simulation. The
LNTA is implemented and measured in a two-stage highly
selective receiver front-end, integrated using 65 nm CMOS
technology [7].

The paper is arranged as follows. In Sect. 2 we derive
the LNTA circuit architecture combining various mecha-
nisms to achieve the intended performance. In Sect. 3 we
analyze the noise figure and verify the attained estimate by
simulation. The Volterra series based analysis of 1IP3 and
verification is presented in Sect. 4. In Sect. 5 the LNTA
implementation as a part of the receiver front-end with RF
N-path filtering is presented. Conclusion is provided in the
last section.

2 LNTA design

Based on our preliminary work [15], here, we describe the
LNTA design in detail, including a complete noise and
linearity analysis.

For high linearity we refer to the complementary DS
technique, which due to the reusing of current, gives also
significant power savings. The complementary common
gate (CG) architecture has been preferred over its coun-
terpart, common source (CS) (Fig. 1), for the ease in
achieving wideband input matching and low noise figure.

By using appropriate bias voltages the nonlinear third
order g,, terms can be cancelled providing a high value of
IIP3 [13, 14, 22, 24]. In this case the pMOS is an auxiliary
transistor with g,, much smaller than that of nMOS. Large
off-chip inductors L, L, rather than resistors are used to

Vbp
VDD VDD
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—] Mp
Vin lout
O —<  Vin
<O
Cs

—| Mn

Vbn

(a)

Fig. 1 LNTA complementary DS architectures, a common source,
b common gate
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guarantee maximum bias voltage V,, and thereby to reduce
the g4, nonlinearity that is increasingly pronounced in deep
submicron CMOS.

The input impedance and noise factor for the DS-CG
circuit can be estimated from

1
in —

B 8mn + 8mp

(1)

! 2)

Fl+——m—"——
o‘(gmn + gmp)Rso

where R,, is the source resistance, y is the excess channel
thermal noise coefficient, and o = g,,/g49, With g,, as the
device transconductance and g, as zero-biased channel
conductance.

Clearly, for perfect matching we have F =~ 1 4 y/«. In
deep submicron CMOS v/a > 2/3, and to reduce its effect
on F we use a differential (balanced) variant of this circuit
where the capacitive cross-coupling technique is adopted
[20, 25]. In this case, F can be estimated from

~ Y
F=1+ % (3)
according to partial noise cancellation achieved in this
circuit. We observe that for y/o = 1, the expected noise
figure is NF = 10log(1.5) ~ 1.75 dB.

Further noise factor improvement as we proposed in
[15] can be achieved by using double capacitive cross-
coupling circuit shown in Fig. 2 (to be discussed in detail
in Sect. 3).

By sizing up the transistors the LNTA transconductance
can be increased to some extent, but the input impedance is
decreased accordingly and the reflection coefficient S11 is
largely deteriorated. One solution to mitigate this tradeoff
is based on the source degeneration technique. Acting as a
local negative feedback it additionally improves circuit
linearity. With a resistance Ry, as shown in Fig. 3 the
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Fig. 2 Differential LNTA implementing DS and capacitive cross-
coupling technique (simplified schematic)
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Fig. 3 S11 and source

degeneration

linearity by resistive

LNTA input impedance can be restored as demonstrated by
(4) for the n-MOS part of the circuit. Knowing that
8ml/Cqs = 27fr where fr & 100 GHz, for simplicity we can
assume wC,/g, = f/fr ~ 0. Then for the nMOS part of
the circuit we find

Z(n) 1 + ZLYdsn + Rsn (gmn + Yd.fn)
" 8mn + Ydsn/ 2

1%

(4)

where Y, is the drain-source admittance and Z; is the
loading impedance while the inductor reactance goes to
infinity. A similar formula can be derived for the pMOS
part (Z) and assuming the drain-source admitances are
small enough we find the LNTA input impedance as Z{"
7 The LNTA transconductance is inversely proportional
to Z;, that is
1 1

Cn = Z(p)(a)) - Z.('”(a)) )

in in

Hence, there is a tradeoff between the input matching
and LNTA gain. For perfect matching no increase in G,, is
achieved. In practice, however, the requirement is
S11 < —10 dB. To meet this condition the corresponding
boundaries of Z;, can be found: Z;, € (0.67, 2)R,, where
Ry, is the matching resistance. In an extreme case, when
Z;, = 2R,, and R, = 0 we have G,, ~ 2/2R,,. Next, the
transistors are sized up and by using R; we obtain
Z;, = 0.67R,, with the corresponding G,, ~ 3/R,,. This
means 3x increase in G,, (9.5 dB) is feasible while
S11 = —10 dB. Clearly, larger values of R; should be
avoided here to preserve a sufficient V, voltage headroom.
Also the noise factor is traded for S11 as the R, resistors
add noise. Moreover, when the loading impedance Z; is
selective (as for N-path filters), its impedance goes down at
offset frequencies and the input impedance (4) is reduced
accordingly providing thereby attenuation of blockers at
the amplifier input.

The proposed final LNTA circuit, designed in 65 nm
CMOS is shown in Fig. 4. It combines the discussed above
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Vout —0 Vi

Fig. 4 Circuit schematic of proposed wideband LNTA

techniques to achieve high linearity and a low noise figure
over a wide frequency range. Four off-chip inductors pro-
viding reactance of a few hundred Ohms each are large
enough to guarantee S11 < —10 dB also at lower fre-
quencies. Similarly, the coupling capacitances C; > 10 pF
should be chosen (X; < 2 Q) to avoid reduction of LNTA
transconductance gain. Four of them (connected to tran-
sistor gates) must be integrated at the expense of the silicon
area overhead. After choosing the bias voltages (to be
discussed in Sec. IV) and the output DC equal to VDD/2
the sizes of the MOS transistors Mp, Mn were chosen to
achieve the best third-order g,, cancellation with 29 pum/
65 nm and 48 pm/65 nm, respectively. The source
degeneration resistors providing correction of S11 are
Ry, =17 Q and R, = 111 Q.

3 LNTA noise analysis

The circuit model for noise analysis is shown in Fig. 5. In
each half of the circuit there are five noise sources to be
considered: v,,; (source noise), v,,5s1 (of M1), v,5s3 (of M3),
Vigrsp (0f Ryp,) and vz, (0f Ry,,), using the following equations

v = 4KTR,,,
4T kT
sz] = —yl’ Vzm = y3’ (6)
' %gmt - "T 038m3
V:%R.m = 4kTRsna VfRs,, = 4kTRSp’

where k is Boltzmann’s constant, 7 is the absolute tem-
perature in Kelvin. The differential noise current at the

output i, o, =i, — I, can calculated using superposition
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Fig. 5 LNTA circuit for noise analysis

principle. In particular for v, the currents iy,..., iy as shown
in Fig. 5 can be found as

i1,3 = (Vy - Vx)gml,3h i2,4 = (Vy - Vx)gm2,4t7 (7)
: _ 1
with 8m12t = Ci
sCgsn 1
Ron (1+gm|.2> +xm,z
1
8m3 4 = < . (8)
sgp
Rsp(l + gm3‘4> + 8m3 4

Using Kirchhoff’s Voltage Law (KVL) for the loop from
vy to v, through v,,; and Kirchhoff’s Current Law (KCL) at
nodes v,, v, we have

25Cysn | . 2sC,
vx—vV:vns+Rso[i1(1+s_g)+l3(]+ S gpﬂ
) 8ml 8m3

2 sn . 2sC;
— Ry, [iz(l + &) 4 l4<1 +&>:|
Em2 Em4
9)

Substituting (7) into (9), the voltage of v, — v, can be
found as
vns

v vy = (10)
1+ Rso Zzzl 8mkiz
with 8ml 2tz = gm1‘2t<1 + %)9
2sC
8m3.4t; = 8m3,4t <1 + ﬂ) (1 1)
8m3.4
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The output differential noise current iys our = iy — ix 7, = 2R,, = — (20)
due to noise source of v, can be calculated as D ket &kt

—Vns 22:1 8mkt (]2)
1 + RS() 22:1 8Emktz
With similar procedure, we can calculate the output dif-

ferentlal noise currents ianJ)un inMSJ)ut’ inRspJ)utv inRan)m
due to Va1, Vimss Varsp and Vg, Tespectively

Ins_out =

_Rso VM3 [gm?atz (1 + Rxpscsgp) - zscxgp] 22:1 8Emkt

inM3_out -
1+ Ry, Zizl 8mkiz
+ Vam38m3t (1 + Rxpscsgp>
(13)
4
. _Rsovan [gmltz(l + Rsnscgm) - zscgsn] Zk:] 8mkt
IaM1 _our = 4
1+ R.m Zk:] 8mkiz
+ Vangmlt<l + Rsnscgsn>
(14)
25Cyqsn 4
. RsovnRsngmlt (1 + ;’Ti’) Zk:] 8mkt
InRsn__out = 1 — VnRsn&mlt
1+ Rm Zk:] 8mktz
(15)
2sC;, 4
. RsovnRspgnBl (1 + %) Zk:l 8Emkt
nRsp _out = — VaRsp8m3t

1+ Rso 22:1 8Emiktz

(16)

The same noise contribution will be achieved from the
other half of the circuit. The noise factor (F) and noise
figure (NF) will be calculated based on (12-16) as

2 2 2 2 2
2lns_out + 2lan_out + 2lnM3_out + 2lnRsn_out + 2lnRsp_out
2i2

ns__out

F=

(17)
NF = 10log,,(F) (18)

In order to compare NF of the proposed circuit to the
one with conventional cross-coupling, the equivalent cir-
cuit can be simplified by ignoring the gate-source capaci-
tances. The noise factor in this case will be

) 2
F — 1 + /lgml/ + y3gm3r

2 2
O‘lgmleo (22:1 gmkt) a3gm3Rso (22:1 gmkt)
8;2111t & + 83n3r ﬁ

R 2R,
(Zi:] gmkt) 5o (Zi:] gmkt) 5o

+

(19)

The input impedance of the differential circuit ideally
should be Z;, = 2R,,. Then for matching we need

For brevity we can assume that the differential circuit is
perfectly balanced having the same 7y, o values for all
transistors. Then (19) can be simplified to

gz 1t g2 3t 2 2
’ (5;"7 + gjﬁ) (ngml/ + Rspgm31)
4OCRso(gmlt + gm3z)2 4Rs0(gmlt + gm3t)2

It should be noted that the double cross-coupling results
in Y4 coefficient for the (y/a) contribution as compared to %2
for the traditional cross-coupling. Moreover, the noise
factor contribution by the source degeneration resistors (the
3rd term in (21)) appears less than the one by transistors for
(y/a) > 1. A comparison between NF of the proposed cir-
cuit and the conventional one (3) for g,,; = g,,» = 30 mS,
&m3 = 8&ma =136 mS, R,=50Q, R,=111Q,
Ry, = 17 Q, is shown in Table 1. With technology scaling
the ratio (y/a) is increasingly large so the NF improvement
is more pronounced. For example with (y/o) = 1.5 the
proposed LNTA can improve NF from 2.43 dB down to
1.34 dB.

The NF comparison of the presented analytical model
and SpectreRF® circuit simulation including the gate-
source capacitances according to (12-16) is shown in
Fig. 6. In this verification we use specifications captured
from the designed chip: g, = gw2 =30 mS, g,3 =
gmsa =136 mS, R,=50Q, R,=1720Q, R, =
110.8 Q, C,, = 30 {F, C,,, = 20 fF. As seen the respec-
tive differences remain within 0.08 dB that can be con-
sidered negligible.

F=1+ (21)

4 Linearity analysis using Volterra Series

The simulation environment using a conventional inverter,
here, also considered as common-source complementary
DS circuit, with output bias voltage was proposed in [13] as
shown in Fig. 7(a). This circuit can achieve high linearity
due to subtraction of the nonlinear current components of
the transistors M,, and M,,. Both the second and third order
terms can be partly cancelled if the circuit is appropriately
biased. However, the useful input range is very narrow as

Table 1 NF vErsus (y/0) coMPARISON OF (3) AND (21)

(/o) 031 15 2 25 3

NF eyossconpiing (AB) 125 176 243 301 352 398
NF pyoposed (AB) 088 107 134 159 183 206
ANF (dB) 037 069 109 142 169 192
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Fig. 6 NF comparison of analytical model (12—18) and SpectreRF®
circuit simulation for proposed LNTA (transistor level)
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Vbn (V)
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Fig. 7 a Schematic of conventional inverter, b Simulation of third-
order transconductances of PMOS g3,, NMOS g3, and output g3

shown for g in Fig. 7(b) where g3 = 0°i,/0(V;,)’. In effect
the possible blockers are not well tolerated by this circuit,
still resulting in significant distortion.

A possible way to overcome this problem is using dif-
ferent bias voltages for M,, and M,, in combination with the
resistive source degeneration applied to the both transistors
as presented in Fig. 8(a) [15]. In Fig. 8(b), the input

gn3
gp3
— g3=gp3-gn3 /

/N

=
‘1\><_/ ,,,,,,,
1 1.5 2 25
Vbn (V)
(a) (b)

Fig. 8 a Schematic of resistive-feedback technique, b Simulation of
third-order transconductances of PMOS g3,, NMOS g3, and output g3
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voltage range can be significantly increased comparing the
previous case in Fig. 7(b). The combined g5 is less than its
components g,3 and g,3 in the operating range as seen in
the zoom view. Moreover, it should be noted that R, is
much less than R, in order to maintain the output bias
voltage at V,,/2 while M, is larger than M,. Should we
increase the size of M, and the resistance of Ry,, the
effective g; would be less, but its range would shrink
degrading the linearity for large blockers.

The following analysis aims at describing IIP3 and
third-order gain H;y of LNTA using the Volterra series
approach. Figure 9 shows the small-signal model for lin-
earity analysis where the differential circuits are assumed
to be identical for simplicity. The drain current of M,, and
M,, can be modelled up to 3rd-order as

lap = &1pVsgp + gZPvfgp + g3[’v?gp (22)
idn = &1nVgsn + anvgm + g3nV§_m (23)

where g;, and g;, are the ith-order coefficients of M, and
M,,, accordingly, obtained by taking the derivative of the
drain DC current Isp/Ips with respect to the gate-source
voltage Vss/Vgs at the DC bias point

Fig. 9 Equivalent circuit of a proposed wideband LNTA
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Olspp Olpsn 7 { 82G, e }
gy ==——,8In = 24 L P e

’ 0Vsgp OVasw ( ) G, = (Hkﬂ) " (k) (33)

1 & Ispp 1 & Ipsy (25) .
8 = 1ayz. 8 T i gy2 7.6, G, 2R3

210Vsp 21 0VGsn (1+1;,,)§m,% 2g2p ,d” G + (l+k ) &~ (i5k, zf,,p

1 & Ispp 1 & Ipsy 3= n
83p = 5% 183 = 3 Vi (26) L .

: : Z1.Gin 5185,
. . o (1+k, )I {2g21‘l Tdn G2 + (1+kn)mn |:g3n o (1+kn) 2mn:| }
Applying the Volterra series to the output voltage "
L
Voutn = Gl O Viy + G2 © V + G3 © V (27) (34)
Vin =A10vg +As0 Vso +As0 V,m (28) where
Vou = Hy 0 vy + Hyo vy, + Hy 0 v}, (29) (g1 + L)R <g1 + i)R
; Py ) P Ty )
where v, = Vi — Vipn a0d Vour = Vousy — Vour- If circuits n=1-2 (1 + kp)mprdp (1 + ky)myray (352)
are completely symmetric v,,, can be calculated as
R? RY}‘!
Voup = -G, Ov1n+G20V —G30V3 (30) G1p= —np+r7pG1,G]n :nn—r%Gl (35b)
dp dn

Vour = —2Gy o viy — 2G3 0 vin (31)

From (27) and (57) from Appendix 1, we have

R (glp + rd,;) ny (gln + ri )nn
U OFk)m (T

G| = 32
M (32)

Substituting (59-64), (45), (51-55), (22-23) into (58)
and comparing with (28), we can find A, A, and A3

1
Al = mn
/71 1 1 1 —25Cep — L+ 32 1 25Cgn + - — 7= 1
1 2Rw L o G L o dp o G n Tdn sn .
' {2 ( L, sL, rap rdn> - l(rdp " dn> o (1+&y)m, Ry o (1 + &)y +Ré‘"
(36)
R 1 m R 2 Rug 1 m R 2
A2 = 2R30A? —Spgz[; <— - _p> <—I’lp + iGl) - LG <— - —n) (nn - ﬂG1> (37)
(1 + kp) m[3) R Tdp ( + k, ) Tan R Tan
Cys R, 2A,R,, R,,A2 2¢3,R;,
Az = 2RSOA% e —pGgA% - 2 ‘1g22p G%P + - 13 L — 83 G?P
(1 +ky)m, | |7ap (1+k)"m? (1+ k) 'm3 [\ (1 +Kp)m,
1_m
— 2R A2 (ch‘y” t Rsp) —Ryp G3A? — MG% __ ReAT 283,Ry — g3 |G
SO P
(1 +kp)m Tdp (1 +kp)2mﬁ p (1 4 kp)3m3 (1 —l—kp)mp p
A+ km, | | ran Y+ k) m2 (1 +ky)’md [\(1 +k)m, n
(SCgsn +o ) R 24,R R,A?} 2g3,R
+ ZRSOA% _ Rw ﬂG3Af — oz meTn ‘m‘izn G%n — e ]3 {( BonTon g3n> G?nil
(1+kn) Tan (1 + ky)*m? (1 +ky)’m3 L\(1 + ku)m,
(38)
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If two single-ended circuits are identical, we substitute
(28, 29) into (31) and have

Hyi(or) = =2G(01)A (1) (39)
Hy(w1, 07) = =2G (01 £ m2)Az(w1, 2) (40)
H;3(w1,m,03) = =2[Gy (w1 £ @y £ w3)As(w1, Wz, @3)
+ G3(01, 02, w3)AT (01 £ ) £ w3)]
(41)
From [16, 23], IIP3 can be estimated as
IIP3 4,y = 2010g;, <\/’g% ) + 10 (42)

DS technique has been used to cancel the third-order
transconductance distortion gz well [9] but the operating
range of input voltage V,, is not wider than 200 mV. In this
design, we propose a technique that can cancel the third-
order voltage gain (41) in larger operating range up to
650 mV shown in Fig. 10. From that figure, the bias
voltages can be chosen as Vg, = 570 mV and Vg, =
Vgsn + 190 mV = 760 mV. Therefore IIP3 of LNTA is
not sensitive to the bias voltages and can tolerate large
blockers up to 0 dBm.

The IIP3 obtained by the Volterra series model (42) and
by SpectreRF™ simulations are depicted in Fig. 11 for two
RF frequencies with the following parameters g, = 30
mS, gy, = 13.6 mS, g, = 57 (mA/V?), &2p = 8.2 (mA/
V3, g3, =-703 (mA/V’), g3, =-9.6 (mA/V’),
Yan =339Q, 71, =843Q at VDD =25V with
Ry, =50Q, L,=30 nH, L,=70 nH, Ry, =172 Q,
R, = 110.8 Q, C,, = 30 {F, C,,, = 20 {F.

As shown, IIP3 is rising with the loading capacitance
due to the reduced output voltage swing. For the same
reason larger IIP3 values are attained at the higher oper-
ating frequency. It should be noted that the increment of

Third order gain H3

v\;_————'—’_‘
0 0.2 0.4 0.6 0.8 1
Vgsn (V)

Fig. 10 The third-order voltage gain H3 (41) versus the bias voltage
Vgsn
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Fig. 11 TIP3 comparison of analytical expression (42) and Spec-
treRF® simulation for LNTA, using two-tone 40 MHz spacing
(transistor level)

IP3 for C,,y increased from 0.2 pF to 1 pF (5x) at
Jfrr = 520 MHz is almost the same as the one achieved for
the frequency change from 520 MHz to 3 GHz (~5x as
well) for C;,,s = 0.2 pF.

In post-layout simulation with pad and bonding wire
parasitics the IIP3 estimate at fzr = 3 GHz with 40 MHz
spacing is reduced by 4 dB, i.e. from 22 dBm at transistor
level to 18 dBm for 2.5 V supply. The Monte-Carlo post-
layout simulation under process variation with fixed bias is
shown in Fig. 12. The mean value is 17.9 dBm while the
standard variation is only 0.24 dB. To see the separate
contributions to IIP3 by the different mechanisms used we
found IIP3 to be reduced by 3 dB, down to 15 dBm, for
supply voltage changed to the standard value, 1.2 V. The
circuit will lose 6 dB more when the derivative superpo-
sition technique is excluded resulting in IIP3 = 9 dBm.
Finally, by removing the resistive degeneration, IIP3 = 5
dBm is attained.

Using a linear model also the LNTA transconductance
estimate can be verified against the analytical model (5).

SD=0.24
Mean =17.91 |

Iteration
o

0
17 17.5 18 18.5 19
IIP3(dBm)

Fig. 12 Monte-Carlo simulation of LNTA IIP3 obtained with 50
iterations at frr = 3 GHz, 40 MHz spacing, C; = 1 pF
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From simulations over the operating frequency range with
Z; L rge G, varying between 17 and 17.7 mS can be
found whereas from (5) it is around 18 mS. To reduce the
effect of ry; on G, in this simulation a larger C; = 4 pF
has been chosen.

5 Implementation of a selective receiver front-end

The proposed LNTA is used in a selective two-stage RF
front-end [7] shown in Fig. 13. In order to tolerate blockers
up to 0 dBm (632 mV,,) we have used elevated supply
voltage of 2.5 V for LNTA1 and the standard supply of
1.2 V for the LNTA2. To prevent loading of the first stage,
which could degrade the filter transfer function, a simple
CMOS buffer is added in front of LNTA2 as shown in
Fig. 14. The schematic topology of LNTA?2 is similar to
LNTATI except for the values of bias voltages, resistances
and sizes of transistors. The design was fabricated in 65 nm
CMOS technology and the chip photo is shown in Fig. 15.
A significant portion of the chip area is occupied by the
banks of baseband capacitors Cgp, which allow for band-
width programming. The maximum power consumption at
3 GHz amounts for 113 mW and it drops to 46 mW at
0.5 GHz.

2.5V 1.2V

L

LNT/> ‘;S;Z f % Cas
] / Works as mixer as

4-path well
Filter

S

Fig. 13 Architecture of selective two-stage RF front-end

High input
impedance buffer

Fig. 14 Circuit schematic of LNTA2

With N-path filter as a load the LNTA noise figure is
raised by approximately 1 dB that can be attributed to
noise folding as devised in [7]. In effect, the two-stage
front-end NF varies between 3.2 dB and 5.2 dB for fre-
quencies between 500 MHz and 3 GHz, respectively. The
NF at 2 GHz under 0 dBm blocker with 100 MHz offset is
12 dB that is below the 3GPP limit. Similarly, the in-band
IIP3 is only less than O dBm due to large loading impe-
dance (large voltage swing). On the contrary, the out-of-
band IIP3 is as large as +20 dBm in the lower frequency
range and +17 dB at 3 GHz. Additionally, superior
blocker rejection of 44 dB is attained for frequencies up to
2 GHz and 38 dB at 3 GHz owing to the two-stage filtering
[7]. Measured S11 for different LO frequencies is shown in
Fig. 16. Within the whole frequency range 0.5-3 GHz, S11
is below —10 dB in the bandwidth of interest.

A comparison of the state-of-the-art and the presented
LNTA design as well as the respective RF front-end based
on N-path filtering is given in Table 2. In simulations the
stand-alone amplifier compares favorably to the other
work. Clearly, the LNTA design is critical for the

s, (dB)
& o
_J

]

_J

Bl

0 0.5 1 1.5 2 25 3 3.5
Frequency [GHz]

Fig. 16 Measured S;; around LO frequencies for Czp = 40 pF
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Table 2 PERFORMANCE COMPARISON

Author/year Architecture CMOS process NF (dB) Av(dB)/Gm 1IIP3 (dBm) Sl11 (dB) Power (mW) BW (GHz)
Geddada [14] TMTT-14 LNTA 45 nm 3 min —-1.7* 10.8* <-9 30.2 0.1-2
Mehrpoo [26] RFIC-13  LTNA 65 nm 5.9 100 mS 20 <—10 11.3 0.8-2.2
Zhang [27] TCASII-15  LTNA 65 nm 6.2 min 242 ms¢ 6.5 <-9 72 0.6-10.5¢
This work® LNTA 65 nm 1.3-1.9 14° 18 <—11 16.5 0.5-3
Murphy [4] JSCC-12 Front-end 40 nm 1.9/(5.5-8)° 58 +13/15°¢ <-88 50-100 0.8-2.9
Mirzaei [28] JSCC-11 Front-end 65 nm 5.3 55 —6.3 <—10 34.2 2.14
Darvishi [29] JSCC-13 Front-end 65 nm 2.8 25 +26 N/A 18-57 0.1-1.2
This work Front-end 65 nm 32-53 45-25 20 <=9 46-113 0.5-3

* With (load) Zgr = 30 Q
® At 2 GHz, Cjoq = 0.2 pF (80 Q)

¢ Noise cancellation ON/Noise cancellation OFF

4" Simulation results

e

performance of the measured front-end which, while
superior in terms of blocker rejection, can be found well in
line with the remaining state-of-the-art specifications.

6 Conclusions

In this paper we have presented LNTA design suitable for
current-mode wideband front-end in CMOS technology.
The amplifier architecture has been derived from the
common gate circuit making use of complementary DS
technique, which enables highly linear amplification. The
tradeoff between the input matching and the transconduc-
tance of transistors (g,,) has been mitigated by resistive
source degeneration. As a negative feedback it also sup-
ported the amplifier linearity. On the other hand, a suitable
impedance mismatch at the input was useful to achieve a
larger amplifier gain (G,,).

Superior noise performance has been attained by the
double capacitive cross-coupling technique in a differential
setup as proposed in this work. In effect, the LNTA com-
pares favorably with the state-of-the-art designs both in
terms of NF and linearity.

We have presented a complete NF analysis and Volterra
series based IIP3 analysis of the amplifier. The obtained
estimates were shown compliant with the circuit simulation
results. The LNTA was implemented in 65 nm CMOS as a
part of a tunable RF front-end using two-stage N-path fil-
tering technique that provided blocker rejection competi-
tive to SAW filters. Owing to the LNTA design the front-
end linearity and noise performance have been placed well
in line with the state-of-the-art.
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Post-layout simulation with pad, bonding wire parasitics of 1 nH and 2 Q

Appendix 1: Derivation of the Volterra operators
for the proposed LNTA: G1, G2 and G3

For the circuit shown in Fig. 9 the respective currents and
voltages can be expressed as

—1pVin — Ryp (igp — V;W,n)
Vsep = m, : (43)
npVin — R.m(idn + m)
Vesn = m, i (44)
Vi Vi
Vsp = Vsgp + % y Vsn = % — Vgsn (45)
o . . Vsp Vsn
Voutn = kloadn(ldp — g +—+ _) (46)
Yap  Tdn

where

1 1
my =14 Ry (Cogps +—),my = 1+ Ry (Cosns +—)

Tdp Ydn
(47)
R R
— 1422, =142 48
l’lp +2rdp’n +27‘d,, ( )
Rs nRsn
kP = 8rZw >kn = 81 (49)
my, ny,
. Z
7 > (50)

_l-I-ZL(ﬁp-FL)

Tdn

Substituting (22, 23) into (43, 44) with maximum 3rd
order of v;,, we have

3 3
V?gp = —3 Bp 3 7V2’Sn = —3 Bn 3 (51)
mp(1+k[7) n(l+kﬂ)
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B2 ) where
2 P Rp82pBp
Vsep = 2| 1= 3 (52)
m3 (1 + k) m2(1 + k) Vsgp = Vsgp (Viny Vour), Vsgpy = Vsgp(—Vin, —Vour) (60)
32 2R Vgsn, = Vgsn (Vina vout)v Vesn, = Vgsn(_vin; _V{mt) (61)
2 n 1 snanBn 53
vgsn ) 2 - 2 2 ( ) Y =V (—V' —V, ) Y =V (—V' —V ) (62)
mn(l + kn) mp(l + kp) sp2 sp ins out )y Vsny sn ins out
idp, = bgp(—Vin, —V ian, = Lgn(—Vin, —V 63
1 R‘ngzpr’ 2Rspg2po dp, dp( ins out) 5 bLdny dn( ins out) ( )
o _ — . . .
sgp mp(l +ky) | ” m§(1 + kp)z mlz,(l + k,,)2 For differential mode, the single voltages should be
V; v t
_ R_Y[,g3[,B;; Vinp = —Vinn = % y Voutp = —Vourn = % (64)
m3(1+k,)*
(54)
A 1 B Ru82.B; _ 2RsugonBn References
o my, (14 k) m2(1 + k,)* m2(1 4 k,)*
3 1. Ru, Z., et al. (2009). Digitally enhanced software-defined radio
_ R;n83,B n receiver robust to out-of-band interference. Journal of Solid-State
m3(1 +k )3 Circuits, 44(12), 3359-3375.
" " 2. Yu,C. Y, etal. (2011). A SAW-less GSM/GPRS/EDGE receiver
(55) embedded in 65-nm SoC. IEEE Journal of Solid-State Circuits,
46(12), 3047-4060.
where 3. Mirzaei, A., et al. (2011). A 65 nm CMOS quad-band SAW-less
R R receiver SoC for GSM/GPRS/EDGE. IEEE Journal of Solid-State
B, = —n,v, +—Ly B, =nv, ——2y 56 Circuits, 46(4), 946-950.
P L (56) 4. Murphy, D., Darabi, H., et al. (2012). A blocker-tolerant, noise-

Substituting (22, 23), (45, 51-55) into (46), we have

ZLBp(glp + %ﬂ) ZLB]%
Voutn =
! (1 + ky)m, mi(l + k[))3
2Rspg2po g3PBp
x ) 8 _m2(1+k,,)2 m,(1+ k)
) ‘ . (57)
ZLBn (gln + ,,}7) ZLBﬁ
(L+k)my m2(1 + k)’
2R;rng2an g3an
X 82n 1 - 2
m2(1 +k,) m, (1 + k)

Appendix 2: Derivation of the Volterra operators
for the proposed LNTA: Al, A2, A3, H1, H2
and H3

For the circuit of Fig. 9 the current and voltage equations
follow

Vin = Vso — 2R0l50

(58)

. 1 . .
lso = _SCgsstgpl + SCnggml + Vinp (ST + ST) + Ldp2 — ldn2
P n

Vsp2 = Voutp  Voutp — Vsn2

+ 5CopVsgp2 — SCosnVesm2 +
Tdp Tdn

(59)
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