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ABSTRACT

This paper presents an inductor-less wide-band highly linear low-noise amplifier (LNA) for
wire-less receivers. The inductor-less LNA consists of a complementary current-reuse common
source amplifier combined with a low-current active feedback to obtain wide range input
impedance matching and low noise figure. In our LNA, a degeneration resistor is utilized to
improve linearity of the LNA. Furthermore, we designed a bypass mode for the LNA to extend
the range of its applications. The proposed LNA is implemented in 28 nm CMOS process. It has
a gain of 14.9 dB and a bandwidth of 2.2 GHz. The noise figure (NF) is 1.95 dB and the third-
order input intercept point (1IP3) is 24.8 dBm at 2.3 GHz. It consumes 17.2 mW at a 0.9-V
supply and has an area of 0.011 mm?.
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1. INTRODUCTION

Nowadays, many wireless communication standards in different frequency bands have been
developed for various communication applications such as 3rd generation mobile communication
system (3G), long-term evolution (LTE), 5G, wire-less fidelity (Wi-Fi) and Bluetooth. Therefore,
broadband receivers have become mainstream to use for mixing various standards [1-3]. In these
receivers, the low noise amplifier (LNA) is an important component which plays a key role for
front-end block. The wide-band LNA should satisfy some requirements, involving low noise
figure (NF), great input impedance matching and high linearity. So far, many noise canceling
schemes of the LNA have been implemented to achieve simultaneous wideband and low noise
but not high linearity [4, 5]. Therefore, the most significant challenge of a LNA design is to
ensure the linearity. The front-end of the LNA requests a high linearity to eliminate the
intermodulation or cross-modulation due to the increased concurrency of adjacent blockers or
transmitter on-chip leakage [6]. To overcome this challenge, a common source (CS) amplifier
with current-reuse architecture and an active inductor for input matching are used in [7]. In [8], a
parallel combination of common gate (CG) and CS amplifiers is realized and a resistive feedback
structure is used to balance the multiple tradeoffs among NF, input matching and gain. The I1P3
in [7] and [8] obtained 5 dBm and 5.8 dBm, respectively. However, these LNAs employ an
inductor in design. Consequently, the cost and die area will both be grown making these LNAs
less attractive in practical applications. To overcome this problem, inductor-less LNAs are
implemented in [9, 10]. These LNAs use current-reuse CS amplifier and active shunt-feedback to
achieve high linearity of 12.4 dBm and 7.9 dBm in 11P3, respectively.

This paper proposes an improved version of the LNA introduced [9, 10]. By using a
degeneration resistor, the linearity of the LNA is enhanced. The LNA simultaneously obtains
wide-band, low NF and high linearity. In addition, a bypass mode for the LNA is adopted. This
paper is organized as follows. Section Il introduces the architecture of the proposed inductor-less
LNA. Next, in Section Ill, the circuit implementation is described in detail. Section IV provides
the experimental results on 28 nm CMOS process followed by conclusions in Section V.
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2. PROPOSED ARCHITECTURE

The block diagram of the proposed differential inductor-less LNA is presented in fig.1. The
LNA includes two modes: LNA mode and bypass mode. The selection of the working mode
for the LNA is done by the digital control bit, C. When the signal strength at the receiver input
is small, the control bit C is set to ‘0’ to select the LNA mode for the amplifier. Conversely,
when the received signal strength is large, the control bit is set to ‘1’ to select the bypass mode
for the amplifier and the received signal is applied directly to the mixer without going through
the LNA circuit.

As depicted in fig. 1, capacitors C1 and C2 are used to block DC for the input and output of the
LNA, respectively. In addition, C2 plays the role of matching between LNA and Mixer so the
value of C2 must be chosen carefully when designing the complete front-end circuit with mixer
following the LNA circuit. The proposed LNA employs degeneration resistor to improve the
linearity of the circuit where the value of the resistor can be varied so that the circuit achieves a
wide range of values of 11P3 to counteract the influence of process, voltage and temperature (PVT).
To do this, four digital control bits BO-B3 are used to select the resistor value in the LNA circuit.

Bypass

s2 mode
S1
DG VDD

Blocker | | o | -

C1
IN+o——]}

LNA to Mixer
C1 Cc2
IN-——]} I
DC Blocker
and match
BO-B3 to Mixer

Figure 1. Block diagram of the proposed inductor-less LNA.

3. CIRCUIT DESCRIPTION
3.1. Proposed LNA

The proposed LNA is illustrated in fig. 2. It includes a main amplifier (A) and a shunt
feedback path (F).

Figure 2. Circuit implementation of the proposed LNA.

12 L. T. Luan, N. H. Tho, “A 1.8 to 4 GHz inductor-less highly linear ... for wire-less receivers.”



Nghién cvru khoa hoc cong nghé

The main amplifier bases on a current-reuse structure with PMOS and NMOS pairs connected
in series. This is a self-bias structure in which PMOS and NMOS are biased by the D terminal
voltage of M1 and M2 through the Rf resistor. By using current-reuse structure, transconductance
is boosted and the LNA achieves high gain and low NF simultaneously. The active feedback loop
using source follower structure enables a wideband matching and ensures a high linearity of the
LNA. A degeneration resistor (Rp) which can be changed is added to enhance linearity of the LNA.
The S terminal voltage of M1 and the bias voltage for M4 are connected to the power supply
(VDD) of the LNA to eliminate the need for Band gap reference circuits outside of the LNA
circuit. As a result, the total area occupied by the LNA circuit is reduced.

The circuit analysis in this section is performed based on [9] with the results summarized to
serve the design of the LNA. The architecture of the LNA circuit in fig. 2 is modeled by fig. 3 for
simplicity in calculating the formulas. In which G,; and G, are transconductance of current-reuse
structure (A) and source follower structure (F), respectively. Then, G, and G, are given by

Gml = Omi + Im2 (1)
— 9ma
M2 " 1t gmaRs )
@ ©
Vig . Zs . Vgut

Zin Z4 /‘ Z>
Figure 3. Modeling of LNA in fig. 2.
The input parasitic impedance is:

1 1
Zl = ” (3)
gdsS + gds4 S(Cpad + Cgsz + Csbs + Cdb4)
Feedback structure’s impedance is:
1
Z =R, (4)
S(ngz + Cgs3)
Output impedance is:
1 1
Z,= 5)
asz || S(CL +Cyyz + Copa)

where ggsi is output conductance of the device M;; Cgsi, Cgai, Cani, Csvi are the intrinsic parasitic
capacitances of device M;; Cpq is the input pad capacitance and C. is the load capacitance.

The voltage gain of the LNA is given by
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1
Ay = _(Gml - g)(zznzs)

(6)
If Zs >> Z,, (6) is reduced to
Ay = =G 2, (7
Expression (7) reveals that the gain of the LNA circuit strongly depends on the A stage.
The input impedance of the LNA is determined by
_ Zpti,
Zin - 1+(Gm1~Gmz2+Gm1Gm2Zp)Z> ”Zl (8)

If the bias resistor R of block A is large enough and g, + 9,4, =0, then substituting (3), (4)
and (5) in (8), the input impedance is calculated by the formula

L 1+9,5Rs
" gm3(1+|A\/|)

Expression (9) presents that wide-band input impedance matching could be achieved by
adjusting and optimizing the gain (Ay), feedback resistor (Rs) and M3 transistor (gms) of the
LNA. In which Rs must be chosen small enough to keep broadband impedance matching.

The main noise distribution of the LNA comes from the MOS devices (M1, M2, M3, M4),

feedback resistor (Rs) and bias resistor (Rg). Noise factor of each element in block A can be
expanded as

©)

2
_ Yindmi 1 Imsz
i1 = a3 Ghy B [RB + 1+9m335] (10)
2
YiP89mz 1 maz
Ny, = L2m2p [ Lo |
M2 a2Ghy B Rp  1+gmaRg (11)
W 1 Re
RE ™ Rp (1+gmaRs)? (12)
And noise factor of each element in block F can be expanded as
n — Y28ma Rp
M3 az (1+gmaRs)? (13)
n — Ya0ma Rp
M4 ay (1+gmaRs)? (14)
g 2
N, =RRy| —™ — 15
A B{(1+gm3Rs)2:| (49

where Rg is the signal source resistance, y is the thermal noise excess factor, & = Im and Odo IS
g

do
the output transconductance at Vps = 0 V. Expressions (10-15) show that circuit A is the
dominant noise component of the LNA [9]. As a result, a low-noise design for circuit A is
required to achieve a low-noise LNA. This can be realized by choosing large bias resistors and
large size of the MOS devices M1, M2.

3.2. Control 11P3 of LNA
Fig. 4 presents the implemented diagram of proposed I11P3 control circuit for the LNA. As
mentioned early, a degeneration resistor is added into the feedback stage to enhance the linearity

of the LNA. To achieve a wide range of values of 11P3, four digital control bits, BO, B1, B2, B3,
are used in this work.
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Figure 4. Control 11P3 by digital logic.

Degeneration resistor values are selected when the control bit is high logic level and
disconnected from the circuit when the control bit is low logic level. Therefore, the four control
bits select 16 possible values of the degeneration resistor and respectively generate 16 feedback
current values (table 1) for the feedback stage. Feedback current value is designed from 0.08 mA
to 1.2 mA with 80 pA linear increments. This is done by selecting the values R3, R4, R5, R6 so
that the corresponding feedback current is 0.08 mA (B0 =1, B1 =0, B2 =0, B3 = 0), 0.16 mA
(B0O=0,B1=1,B2=0,B3=0),0.32mA (B0=0,B1=0,B2=1,B3=0)and 0.64 mA (BO =
0, B1 =0, B2 =0, B3 = 1). The size of the NMOSs for digital control must be not small to
minimize their noise contribution to the whole circuit.

Table 1. Feedback current values corresponding to the control bits.

B3

B2

Bl

BO

leg (mA)

0.08

0.16

0.24

0.32

0.4

0.48

0.56

0.64

0.72

0.8

0.88

0.96

1.04

1.12

N R R === =1 =1 k=1 =]
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Rl |lolo|r||lolo|r|r|lo|lor|r|o

Rlo|lr|OolRr|O|rR|lO|R|O|R|O|lR|O|F

1.2

3.3. Bypass mode

In this work, the LNA circuit with bypass mode is designed to increase its application range.
A switch is used to make the bypass mode as shown in fig. 5. The mode selection for LNA is
performed by switching the values of the digital control bit C.

C =°0’, select LNA mode;
C = 1", select bypass mode.
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Figure 5. Switch circuit for bypass mode of the LNA.

The switch designing must be executed carefully to both ensure the quality of the LNA circuit
in bypass mode and does not affect the quality of the LNA circuit in the amplification mode.

3.4. LNA design process

After analyzing the circuit in Section A, in this Section, we present a design process for the
proposed inductor-les LNA circuit. This process simplifies the design of the LNA and can be
used as a reference for the design of other LNAs. There are 7 steps to design the LNA as follow.

Step 1: Design the block A in fig. 2. Select the widths of M1 and M2 (equal widths) to get
large Gn, (using formula (1)) and low NF (Equation 10-11). Choose a value of R¢ large enough to
ensure the gain and noise of the block A. Design M1 and M2 in the saturation region so that the
circuit works stably under the influence of PVT.

Step 2: Connecting the block F with an ideal current source (to generate Igg), the initialization
value of Igg is less than 1 mA to save power and reduce noise from the block F to the whole
circuit. Then, select gms value and Rg value.

Step 3: Check the NF of the whole circuit. Reduce Igg if NF does not meet the target. The I
must not be reduced too small because then the influence of the resistor Rs on the impedance
matching will be limited. Change gns and Rs to perform impedance matching according to
formula (9). Adjust the R resistor so that the gain is satisfactory. Test S;; with respect to the
value of the R resistor. Because Irg also affects Sy;, Rg is preferred to achieve the target gain.

Step 4: Determine Igg: Measure OIP3 and 11P3 to check that with the selected values for M1,
M2, R of block A, in what range the Igg will meet the requirements of 11P3, OIP3.

Step 5: Check again the impedance matching (S;1) when changing the Igg because there is a
constraint between the wideband matching and the linearity of the circuit. In step 3, if the
reduction of Igg is no longer reasonable, we increase G to ensure that M1 and M2 are in the
saturation region. Repeat from step 2 until NF and Sy; reach the target.

Step 6: Replace the ideal current source by a digital control circuit to improve the linearity of
the LNA.

Step 7: Design switch for bypass mode of the LNA. The switching circuit parameters are
calculated carefully selected to optimize the quality of the LNA circuit in Bypass mode and
LNA mode.

After following the steps in the LNA design, we obtain the values of the parameters in the
LNA circuit as shown in table II.

Table I1. Design parameter values in the LNA.

M1 | 180pm/30pm | M2 | 180pm/30um | M3 | 60um/30pum
M4 | 45um/30pm | Re | 4.1 kQ Rs | 210Q
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4. SIMULATION RESULTS AND DISCUSSION

Based on the previous analysis, a 1.8 to 4 GHz LNA is designed. The proposed differential
inductor-less LNA is implemented in a 28 nm CMOS process. The layout picture of the LNA is
presented in fig. 6. It occupies an area of 0.011 mm? without the Pads. The power consumption is
17.2 mW at the supply voltage of 0.9 V.

N =
Nl C AN '/:::;'-.:LE':::!.-::-/:::;'-.:I
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I+ |
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= —
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Figure 6. Layout of the LNA.
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Figure 7. Post-layout simulation result of S,;.
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Figure 8. Post-layout simulation result of Sy;.
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Figure 9. Post-layout simulation result of NF.
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Figure 10. Post-layout simulation result of 11P3.

Post-layout simulation results are depicted in fig.7 - fig.10. Fig. 7 shows the power gain (Sz)
of the LNA. Sy, is always greater than 14 dB in full operation range, 1.8 GHz — 4 GHz, and the
flatness of the gain is approximately 0.06 dB per 100 MHz. This result shows that the proposed
LNA architecture can be used in front-end circuits for direct conversion receivers where it
requests wide baseband bandwidth as LTE or 5G. Input reflection coefficient (S11) qualifies the
input impedance matching and S;; is below -10 dB in the frequency band of interest as shown in
fig. 8. Therefore, the LNA could obtain greatly input impedance matching. The lowest NF that
LNA achieved is 1.65 dB as illustrated in fig. 9 and NF increases by 1.95 dB when the frequency
reaches 4 GHz.
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The third order interception point is measured in a two-tone manner. The two input signals
are separated at 1 MHz away. Fig. 10 shows the 11P3 result. 11P3 obtains 24.8 dBm at 2.3 GHz.
I1P3 performance can be controlled by bits B0-B3 to overcome the influence of the PVT. This
result indicates that the addition of degeneration resistor to the feedback stage has considerably
enhanced the linearity of the proposed LNA. Table Il benchmarks the performances with the
prior art. This work has low NF, high linearity with trade-off of power.

Table I11. Performance Comparison of LNA.

[7] [9] [11] This work
(measure) (measure) (simulation) (post-simulation)

Technology 130 CMOS 130 110 28

(nm) CMOS CMOS CMOS
Supply (V) 1.4 1.5 1.2 0.9
BW (GHz) 3.9 2 2 2.2
Inductor Yes No No No

S11 (dB) <-10 <-10 <-10 <-10
S21 dB) 10.8 19.2 7.9 14.9
NF dB) 35 2.4 3.3 1.95
I1P3 (dBm) -1.6 8.6 3.7 24.8

Area (mm?°) 0.18 0.014 N/A 0.011
Power (mW) 6.16 3.11 3.24 17.2

5. CONCLUSION

The proposed inductor-less LNA is implemented in 28 nm CMOS process. The LNA
achieves wide-band, low-noise, smal gain variation across the working bandwidth and high
linearity by combining current-reuse structure and active feedback structure. A degeneration
resistor is added into the feedback structure to enhance 11P3 to 24.8 dBm in post-simulation,
outperforming other published schemes. In future work, we will completely design a RF Front-
end circuit for direct conversion receiver including proposed inductor-less LNA.
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TOM TAT

MACH CMOS LNA 1.8 PEN 4 GHz TUYEN TINH CAO KHONG SU DUNG CUON CAM
CHO MAY THU VO TUYEN

Bai bdo nay trinh bay vé mach khuéch dai tap am thap (LNA) c¢é dé tuyén tinh cao, ddi
rong, khong sir dung cudn cam cho cdc mdy thu vé tuyén. LNA khéng cé cuén cam bao
g(;m mot bo khuéch dai cdu tric nguén chung s dung lai dong két hop voi mot mach
phan héi tich cue dong thap dé dat duoc phoi hop tré khang ddu vao dai rong va tap am
thap Trong LNA, ching t6i dé xudt sir dung ky thugt dién tro suy gidm dé cai thién do
tuyén tinh ciia mach. Thém vao d6, ching tdi thlet ké ché dé di vong cho mach LNA dé m¢é
rong pham vi ung dung cua mach. LNA dé xudt dwoc thuc hién trén cong nghé¢ CMOS 28
nm. LNA ¢6 hé s6 khuéch dai 14.9 dB va bang théng 2.2 GHz. Hé sé tap am (NF) la 1.95
dB va diém chan dau vao bdc 3 (IIP3) la 24.8 dBm tai 2.3 GHz. Mach tiéu thu 17.2 mW
véi nguon cung cap 0.9 V va cé dién tich chiém trén chip la 0.011 mm?®.

Tw khéa: Khoéng st dung cudn cam; Sur dung lai dong; Phan hi tich cuc; Dai rong; Do tuyén tinh cao; Khuéch dai tap
am thap.
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