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This paper presents a wide-band inductor-less receiver front-end with
wide baseband bandwidth. A direct conversion receiver based on this
structure is appropriate for a fifth-generation (5G) receiver or other
wireless systems. The broadband receiver front-end includes a low-
noise amplifier (LNA), a passive mixer, and a wide-band
transimpedance amplifier (TIA). The LNA employs a complementary
current-reuse common source amplifier combined with a low-current
active feedback to achieve simultaneously low noise and high
linearity. A current-reuse self-biasing TIA is proposed to obtain wide-
band and quite-linear. The proposed receiver front-end is
implemented in 28 nm CMOS process. It has a RF bandwidth of 2.2
GHz and a baseband bandwidth (BBBW) of 250 MHz. The noise
figure (NF) is 5.5 dB and the conversion gain is larger than 15.9 dB
with passband variations under 0.7 dB in BBBW of 250 MHz. The
third-order input intercept point (11P3) is 3 dBm at 2.3 GHz, whereas
it consumes 75.2 mW at a 0.9-V supply and has an area of 0.053 mm?.

THIET KE MACH FRONT-END TRONG MAY THU
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TU KHOA

May thu chuyén ddi truc tiép
Bing thong bing gdc rong

Ung dung di dong té bao
Khuéch dai tap &m thap dai rong
May thu tuyén tinh cao

Bai bao nay trinh bay vé mach cao tan khong sir dung cudén cam véi
bing thong biang gdc rong trong may thu bang rong. May thu chuyén
ddi truc tiép dua trén cau tric nay thich hop cho may thu 5G hoic
céc hé théng khong day khac. Mach cao tan trong may thu bang rong
bao gdbm mach khuéch dai tap am thap (LNA), mach tron tan thy
d6ng va mach khuéch dai bién ddi dong-ap dai rong (TIA). LNA su
dung ciu trdc mach khuéch dai ngudn chung tai s dung dong két
hop véi mach phan héi tich cuc dong thdp dé dat dwoc dong thoi ca
tap am thap va do tuyén tinh cao. Mach TIA ty phan &p tai sir dung
dong duoc dé xuat dé dat duoc bang thong rong va do tuyén tinh cao.
Mach cao tan trong méay thu dé xuat duogc thiét ké trén cong nghé
CMOS 28 nm. Mach c¢6 bang théng RF la 2,2 GHz va bang théng
bing gdc (BBBW) la 250 MHz. Hé s tap am (NF) 12 5,5 dB va do
loi chuyén d6i dién ap 16n hon 15,9 dB véi khoang thay doi do lgi
nho hon 0,7 dB trong BBBW 250 MHz. Diém chin dau vao bac ba
(11P3) 1a 3 dBm tai tan sé 2,3 GHz. Mach tiéu thu 75,2 mW véi
ngudn cung cap 0,9 V va c6 dién tich chiém 12 0,053 mm2.
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1. Introduction

In recent years, a high data-rate has become significantly demanded aspects in some mobile
applications such as software defined radio and high performance cellular applications. The
easiest way to obtain this goal is to use larger channel bandwidths, as it was done in third-
generation mobile communication systems (3G) and long-term evolution (LTE). 5G working in
the sub-6 GHz frequency band requires a signal bandwidth of 200 MHz or higher [1]. This is a
challenge in direct conversion receiver front-end design. In addition, the receivers need to deal
with large out-of-band (OOB) blockers (a strong interferer), while frequency-division duplex also
introduces strong self-interference from the transmitter. To prevent degradation in sensitivity, a
off-chip high-linearity surface acoustic-wave (SAW) filters are often adopted [2]. However, these
filters increase size and cost, and introduce 2-3 dB of in-band loss. As a result, SAW-less
solutions compatible with CMOS integration are highly desired. Several solutions to this problem
were presented in [3]-[9], based on the mixer-first receiver architecture. Reference [3] employs
two passive-mixer-based down conversion paths to enhanced the receiver’s tolerance to harmonic
blockers. References [4], [5] use passive switch-capacitor N-path filters with tunable center
frequency to obtain more 10-dBm blocker 1-dB compression point and a good input-referred
third-order intercept point (11P3) of 20-30 dBm. In [6], gmC filter technique is implemented to
achieve good selectivity. In [7], a highly linear N-path filter with bottom-plate sampling
implements OOB filtering at RF to improve IIP3 and compression. In [8], a baseband impedance
with a 40 dB/decade roll-off using positive feedback is generated to enhanced selectivity. By
presenting an impedance that rolls off at 40 dB/decade as the load to an N-path filter, receiver in
[9] improves channel selectivity, linearity in the presence of OOB blockers. While achieving
extremely high linearity for far away blockers, these receivers have baseband bandwidth
(BBBW) less 10 MHz. Thus, it is difficult for mixer-first architecture to achieve simultaneous
wide BBBW and high linearity. To overcome this issue, the receiver architecture based on low
noise amplifier (LNA), mixer and TIA has been introduced in [10], [11]. In [10], a baseband
noise-canceling topology and an inverter-based amplifier architecture are implemented to achieve
175 MHz of BBBW and 9 dBm of IIP3. In [11], a common-gate-based transconductance
amplifier with cross-coupled structure and resistive degeneration and a wide-band TIA are
employed to obtain 200 MHz of BBBW and 15.1 dBm of IIP3. However, reference [10] has high
power dissipation of of 172 mW and [11] uses inductors in LNA.

This paper proposes a wide-band inductor-less receiver front-end architecture. By using a
LNA with combining of complementary current-reuse common source amplifier and low-current
active feedback and a current-reuse self-biasing wide-band TIA, the proposed receiver front-end
achieves high linearity and wide BBBW simultaneously. In addition, the design process of LNA,
Mixer and TIA is adopted. This paper is organized as follows. Section 2 introduces the
architecture of the proposed receiver. Next, in Section 3, the circuit implementation is described
in detail. Section 4 provides the experimental results on 28 nm CMOS process followed by
conclusions in Section 5.

2. Receiver Front-End Architecture

A common situation in receiver front-end design is that the receiver senses a weak desired
signal along with a blocker. When the blocker travels through the receive chain, it is amplified
and can introduce significant distortion. Therefore the chain must be designed for sufficient
linearity up to the stage where the blocker is filtered. As a result, the linearity is a considerable
target in receiver front-end design. In addition, for advanced cellular applications, wide BBBW is
necessary to achieve high speed. To obtain both wide BBBW and high linearity requirements, we
proposes a receiver front-end architecture as shown in Figure 1. It consists of a wide-band LNA,
a current-driven passive mixer and a wide-band TIA instead of mixer-first architecture.
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As depicted in Figure 1, capacitors Ciy and Cout are used to block DC for the input and output
of the receiver front-end, respectively. Five digital control bits (B0-B4) are used to select the
degeneration resistor value (see Rp in Figure 2) in the LNA circuit to achieve a high linearity
under influence of process, voltage and temperature. Capacitor C; plays two roles: DC block and
matching between the output of LNA and the input of mixer. Feedback resistor Re: is used to
convert current at the output of mixer to voltage for baseband and bias for the TIA. Capacitors C»
and Cr help to filter blocker. Furthermore, Ce adds a zero in the feedback path to improve the

stability of the TIA.
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Figure 1. The block diagram of proposed receiver front-end
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3. Circuit Implementation
3.1. Wide-band inductor-less highly linear LNA

A wide-band, low noise, and high linear receiver requires a wide-band, low noise, and high
linearity LNA circuit. In addition, to fall area in this work we proposes an inductor-less LNA as
shown in Figure 2 [12], [13]. It consists of a main amplifier (A) and a shunt feedback path (F).
The main amplifier bases on a current-reuse structure with PMOS and NMQOS pairs (M1, M2)
connected in series. The Rg resistor is used to bias for M1, M2. The current-reuse structure boosts
transconductance so the LNA obtains low NF and high gain simultaneously [10]. The active
feedback loop employs source follower structure to enable a wide-band matching and a high
linearity of the LNA. A degeneration resistor (Rp) is added to enhance linearity of the LNA. To
counter the effects of process, voltage and temperature, Rp is adjusted to change feedback current
(Ies). In this work, we use five digital control bits (BO+B4) to create 32 degeneration resistance
values. As a result, the LNA will achieve a wide range of the 11P3.

Based on the circuit analysis that was performed in [12], [13]: the gain of the LNA is decided
by Gn of stage A; By optimizing the gain and feedback resistor (Re) wide-band input impedance
matching could obtain; Transistors M1, M2 and bias resistor Rg are main noise distribution of the
LNA, a design process for the proposed LNA is presented as follows.
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Vin I Re __ Vout
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L v
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Figure 2. Circuit detail of wide-band LNA
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Step 1: The block A is designed with a large G to meet gain and NF of the LNA (the width
of M1 and M2 is chosen large). Moreover, Re must also be selected large enough to ensure gain
and minimize its noise contribution to the overall circuit noise.

Step 2: Design block F. Firstly, Rp is selected to generate Irg of 1 mA to save power. The size
of M3, M4 is designed enough large to decrease noise from the block F to the whole circuit.
Then, select Rr value to meet the wide-band input impedance matching. Rr impacts both gain and
input impedance matching so it must be swept to select the optimal value.

Step 3: Change Irs to meet IIP3. After that, check again the input impedance matching to
make an optimal value of the Igs.

Table 1 illustrates the parameters in the LNA circuit after following the steps in the LNA design.

Table 1. Design parameter values in the LNA (in CMOS 28 nm)

M1 180um/30pm M2 180um/30pm M3 60m/30pm

M4 60m/30pm Rs 45kQ Re 240 Q

In this work, Igs is designed from 40 pA to 1.28 mA with a linear gain of 40 pA (32 possible
values of the Ieg are made by 5 digital control bits (B0+B4)). The smaller the resolution of the
Ies, the better the 11P3 with a little trade-off of power and area.

3.2. Passive Mixer

In a zero-IF receiver any flicker noise in its down-conversion mixer appears in the signal band
of interest. In the conventional Gilbert-type active mixer the switches steer the RF signal together
with the bias current [14]. Additionally, due to current-to-voltage followed by voltage-to-current
conversions, the combined LNA and active mixer suffers from poor linearity and is generally not
sufficient for today’s multi-band receivers. To overcome this problem, the current-driven passive
mixer was proposed in [15] and nowadays this mixer is already commonly used in receivers. RF
current is passed to mixer whose switches are clocked by clocks (LO). There are two types of
driven clock: rail-to-rail 25% duty-cycle and rail-to-rail 50% duty-cycle. Where a passive mixer
driven by a 25% duty-cycle LO has better linearity and 3 dB higher conversion gain than driven
by a 50% duty-cycle LO [16], [17]. Therefore, in this work, we propose to use the 25% duty-
cycle LO to drive mixer as shown in Figure 3. The mixer includes four NMOSs where are driven

by 25% duty-cycle LOs (LOy and LO;so).
LOo

¥ o
M1 ouT+
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IN— o—¢

A [ o QUT-

LOo
Figure 3. Circuit detail of current-driven passive mixer
The performance of the mixer is inversely proportional to the open resistance (Ron) of the
switches (M1, M2, M3, M4 in Figure 3) [16]. Figure 4 shown relationship between Ron and size
of switches. Ron decreases when the size of switches increase. Thus, the size of switch is selected
as 160 um to minimum Ron (Ron =4 Q) and save area as well.
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Figure 4. Relationship between Rqn and size of switches
3.3. Wide-band low-noise TIA

A CMOS inverter with a large Gn, is a good candidate to make a low-noise quite-linear TIA
[10]. However, this structure is pseudo differential so it needs extra circuitry to decrease the
common mode gain, while maximizing differential mode gain. Consequence, it often leads to
extra power dissipation and noise (172 mW in [10]). Therefore, in this work, we propose a TIA
architecture with a low common mode output impedance by using M1P and M2P which are put
above the inverters (M3P, M1N and M4P, M2N) for current-reuse as shown in Figure 5. The
inverters are biased by Rr1 and Re2 (see Figure 1). The current sources are generated by M1P and
M2P to ensure that four transistors below operate in sub-threshold region. This helps to enhance
linearity of the TIA and save power as well. There are four important criteria in TIA circuit
design: linearity, noise, BBBW and DC gain. In which, the linearity and noise are decided by Gn,
of inverter. The BBBW and DC gain depends on feedback resistor (Rr1, Rr2). While the BBBW
is inversely proportional to the feedback resistance, the DC gain is directly proportional to the
feedback resistance. In addition, the DC gain is also inversely proportional to the G, of inverter
and the linearity is affected by the feedback capacitor (Cg). Thus, we see that there is a trade-off
between DC gain and linearity and BBBW. With the goal of designing a receiver front-end with
high linearity and wide BBBW, the DC gain criterion can be loosened in the design. We can
compensate for low DC gain of TIA by increasing gain of LNA or BB circuit in receiver chain.

Based on the above analysis, a TIA design process is presented as follows.
VDD

M1P "lb— —49 M2P
—[*map MaP " J——
IN+ o— o ¢+ N-
OUT- OUT+
—|E‘ M1N M2N ’:ll—
1

Figure 5. Circuit detail of proposed TIA

Step 1: Design inverter with large Gn to meet requirements of noise and linearity. Check
operating point of M3P, M1N, M4P, M2N to ensure they operate in sub-threshold region.

Step 2: Sweep Ck to achieve the linearity and choose optimal Cr value.

Step 3: Reduce Rr1, Rr; to extend BBBW until it reaches to target.
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Step 4: Check linearity, noise and DC gain again, If they do not satisfy the requirements,
perform an Rr1, Re2 sweep to find the optimal Re1, Rr2 value.

After following the steps in the TIA design, we obtain the values of the parameters in the TIA
circuit as presented in Table 2.

Table 2. Design parameter values in the TIA

MIP_ 75um/30pum  M2P  75um/30pm  M3P 4620 ym/30 ym _ Re 40 Q

M4P 4620 pm/30 um  MIN 2310 ym/30 um  M2N 2310 ym/30pym _ Cr 200 fF

4, Simulation Results and Discussion

A 1.8 to 4 GHz receiver front-end is designed based on the above analysis. The proposed
inductor-less receiver front-end is implemented in a 28 nm CMOS process. Figure 6 shows the
layout picture of the receiver front-end. It occupies 284 um x 186 um core silicon area without
the Pads. The power dissipation is 75.2 mW from a 0.9 V supply voltage (The LNA consumes
33.4 mW and Mixer and TIA consume 41.8 mW).

<«——— 284um

H 4

TIA

Mixer

%— 186um
| i-m

LNA

Figure 6. Layout of receiver front-end

The post-layout simulation of the receiver front-end is illustrated from Figure 7 to Figure 10.
The simulated input match is shown in Figure 7 (the input impedance is set to 50 Q). The input
reflection coefficient (S11) is better than -11.5 dB from 1.8 to 4.2 GHz. This result demonstrates
that the receiver front-end achieves wide-band operation. The receiver front-end obtains
conversion gain higher than 15.9 dB with less than 0.75 dB gain ripple over the BBBW of 250
MHz (see Figure 8). With the achieved flatness of gain and wide BBBW, the proposed receiver
front-end can be used in advanced cellular applications. The simulated NF is depicted in Figure
9. The NF at 1 MHz and the flicker frequency are approximately 5.53 dB and 40 kHz,
respectively. The low flicker frequency achieved makes this architecture suitable for direct
conversion receivers.

80 2 16.65 5
S11| 55 2
00 3
95 =
10,0 3 3
105 = _ 1635 3
110 3 g
415 2
12,0 =
125 =
130 = 16.05 3
135 3
140 =

S-Param (dB)

AN NN U Y R U U U R U R M R N R U UL R A L e A B
0.0 0.5 1.0 15 20 25 3.0 35 40 45 5.0 00 200 400 600 800 1000 1200 140.0 160.0 180.0 200.0 220.0 250.0
freq (GHz) freq (MHz)

Figure 7. Simulated Si1; at LNA input versus Figure 8. Simulated conversion gain of receiver
input frequency front-end versus BBBW
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Figure 9. Simulated NF of receiver front-end Figure 10. Simulated 11P3 of receiver front-end

Linearity is simulated with a three-tone test: 2.4 GHz, 2.3 GHz and 2.301 GHz. The post-
layout simulation of IIP3 is demonstrated in Figure 10. The simulated 1IP3 is 3 dBm. In this
work, a post-layout simulation of 11P2 is also realized. This receiver front-end has the simulated
I1IP2 of 58.7 dBm. These are competitive numbers in addition to the wide-band frequency of
operation and the wide BBBW of the receiver front-end. Table 3 lists a summary of CMOS
receiver front-ends in literature. This work has the widest BBBW and comparable conversion
gain, NF, 11P3 when compared to [9]-[11]. Reference [11] achieves the BBBW of 200 MHz and a
highest 11P3 of 15.1 dBm but it uses inductors in the LNA so it has a biggest area of 1.23 mm?,

Table 3. Performance Comparison of LNA

[9] (measure) [10] (measure) [11] (measure) This work (post-simulation)

Technology 28nm CMOS 22nm FDSOI 40nm CMOS 28nm CMOS
Supply (V) 1.2 0.83 1.1 0.9
Architecture Mixer-first RX LNA+Mixer+TIA LNA+Mixer+TIA LNA+Mixer+TIA
RF BW (GHz) 1.8 5 3 2.2
BB BW (MHz) 9 175 200 250
Inductor No No Yes No
Conversion gain (dB) 145 22 13 15.9
NF dB) 7.6 5 5.8 55
11IP3 (dBm) 5 9 15.1 3
Area (mm?) 0.48 0.48 1.23 0.053
Power (mW) 143 172 69.6 75.2

5. Conclusion

The proposed inductor-less receiver front-end is implemented in 28 nm CMOS process. The
receiver front-end achieves wide-band, small gain variation across the working bandwidth, wide-
baseband bandwidth and high linearity by combining a wide-band, low-noise, high linearity
LNA, a passive mixer driven by 25% duty-cycle LO and a wide-band TIA. A current-reuse self-
biasing TIA is employed to enhance BBBW to 250 MHz in post-layout simulation,
outperforming previous published receiver front-end. The limitation of this work is that there are
no measurement results yet. Therefore, in future work, we will tape out chip to get measured
results and keep researching to further improve the linearity of the receiver front-end.
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