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Abstract

A Low-Power Sub-GHz RF Receiver Front-End With Enhanced Blocker Tolerance

Zhong Hong Jiang

Master of Applied Science

The Edward S. Rogers Sr. Department of Electrical & Computer Engineering

University of Toronto

2018

Sub-GHz wireless systems have become a popular choice for Internet-of-Things (IoT) appli-

cations due to their lower cost, lower power consumption and longer transmission range com-

pared to their 2.4 GHz counterpart. This thesis presents a class-AB sub-GHz RF receiver

front-end for low power IoT applications. By exploiting transistors’ class-AB operation in

both the RF and baseband sections, the receiver front-end achieves a very low sensitivity and

an elevated blocker tolerance while keeping a low power consumption. Such performance

makes the receiver fully compliant with the short-range (e.g. IEEE 802.15.4) application and

also suitable for the emerging long-range (e.g. LoRa) application. The proposed RF receiver

front-end has been implemented in 0.13um CMOS technology, operates in the 868/915MHz

ISM bands, and exhibits an in-band gain of 50dB, noise figure of 2.7dB, out-of-band IIP3 of

+2dBm, out-of-band IIP2 of +37dBm, out-of-band P1dB of -10.5dBm, while draining 2.1mA

from a 1.2V supply.
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Chapter 1

Introduction

1.1 Motivation

The emerging development of Internet of Things (IoT) has opened up a huge market for sub-

GHz applications in areas such as sensor networks, smart cities and personal health monitoring

systems. Sub-GHz wireless systems have several advantages over their 2.4GHz counterparts

including longer operation range and lower power consumption, which make them a popular

choice for IoT applications. The trend in recent works [4], [5] for IoT receiver design is to

primarily target ultra-low power consumption (sub-mW) while sacrificing the performance in

sensitivity and linearity (i.e., the radio spurious free dynamic range SFDR). Though a low

power consumption is important for battery-powered systems, worse sensitivity reduces the

operative range by making such solutions not compliant with low power wide area networks

(LP-WAN) [6]. Moreover, a reduction in linearity compromises the co-existence with other

devices, especially in the presence of large interferers.

To address the above issues, this thesis aims to design a sub-GHz RF receiver front-end which

deeply relies on class-AB operation to enhance its sensitivity and blocker resilience while

keeping the overall power consumption low. Existing sub-GHz wireless standards include the

IEEE 802.15.4 for short-range applications and LoRa for long-range applications. However,

since LoRa does not release its PHY level specification to the public, the receiver front-end

in this thesis will mainly target the IEEE 802.15.4 standard. Nevertheless, a low sensitivity

performance will make the receiver suitable for any long-range application in general.

1



CHAPTER 1. INTRODUCTION 2

1.2 Thesis Outline

Chapter 2 - IEEE 802.15.4 Receiver System: This chapter overviews the IEEE 802.15.4

standard, compares different receiver architectures, discusses roles of critical design blocks in

the receiver, and derives receiver’s specifications based on the standard.

Chapter 3 - Design Solution: This chapter discusses the proposed receiver front-end architec-

ture and the topology selection, implementation, and design trade-offs for its design blocks in-

cluding the Low Noise Amplifier (LNA), Mixer, Trans-Impedance Amplifier (TIA) and Chan-

nel Selection Filter. Transistor level design and element sizing are examined. Simulation

results of critical design parameters including the transfer function, input impedance matching,

noise figure, and linearity are also provided.

Chapter 4 - Measurement Results: This chapter discusses lab measurement methods to verify

the performance of the chip prototype, shows measurement results of the chip prototype, and

compares the performance of the chip prototype with the state-of-the-art works.

Chapter 5 - Conclusion: This chapter highlights the achievements of this thesis and discusses

future work.



Chapter 2

IEEE 802.15.4 Receiver System

2.1 IEEE 802.15.4 Overview

IEEE 802.15.4 is a specification for low-rate wireless personal area networks (LR-WPANs)

[7]. It is specifically tailored for battery powered applications where low-power and low cost

are the main requirements. It defines the physical layer (PHY) and media access control layer

(MAC) for LR-WPANs. It serves as a basis for many other standards such as MiWi and Zig-

bee, which further extend the specification by developing upper layers not defined in IEEE

802.15.4. Zigbee is a popular IEEE 802.15.4-based standard for IoT applications. It simpli-

fies the communication protocol which reduces the system complexity and implementation

cost. The minimum requirement to meet the Zigbee standard (IEEE 802.15.4) is also more

relaxed compared to other short-range wireless standards such as WLAN and Bluetooth (IEEE

802.11). Zigbee devices are very power-efficient because of their low duty cycle (<1%). They

spend most of the time in the power-saving mode and wake up only every once in a while (e.g.,

a few milliseconds every minute) to transmit or receive signals [8]. As a result, Zigbee devices

are able to operate on battery power for months or even years without battery replacement. Due

to its low data rate (20kb/s), Zigbee is not meant for applications like Internet connection or

file transmission. However, a low data rate is best suited for cost-efficient and power-efficient

applications that only require the device to perform simple tasks like sensor readings [9].

Zigbee devices can operate in either sub-GHz (868MHz, 915MHz) or 2.4GHz ISM bands.

The 865MHz band and 915MHz bands are used in Europe and North America, respectively,

while the 2.4GHz bands can be used worldwide. Devices based on the sub-GHz standard have

several advantages compared to their 2.4GHz counterpart. The worldwide applicability of

3
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2.4GHz band is attractive for a wide range of applications, therefore the device has to co-exist

in the same band with others operating on different standards such as WLAN and Bluetooth.

This inevitably increases the design complexity for the transceiver to ensure a robust operation

under strong interference. The sub-GHz standard, on the other hand, has a more relaxed co-

existence situation. Sub-GHz signals also have a longer transmission range and are better at

penetrating objects, another benefit compared to the 2.4GHz signals.

2.2 IEEE 802.15.4 Sub-GHz Radio Specification
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Figure 2.1: IEEE 802.15.4 Sub-GHz Channels

The IEEE 802.15.4 specification assigns a total of 11 signal channels in sub-GHz bands, as

shown in Fig. 2.1. Channel 0 is in the 868MHz band with a bandwidth of 600KHz, and Channel

1-10 are in the 915MHz band with a bandwidth of 1.2MHz. The center frequencies of these

channels are defined as follows:

Fc = 868.3MHz, for k = 0

Fc = 906+2(k−1)MHz, for k = 1, 2, ..., 10,
(2.1)

where k is the channel number

Fig. 2.2 shows the in-band blocker mask, which specifies the location and power of in-band

interferers. The signal power in the adjacent channels is the same as the signal of interest, and

the signal power in the alternate channels is 30dB higher than the signal of interest. Notice

that only one interferer is expected to show up at a given time. While this blocker mask is a

specification that must be met to be standard compliant, having better blocker tolerance allows
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a device to operate in a more challenging environment. This is especially critical since out-of-

band blockers are not specified in the standard and they are usually much stronger than in-band

blockers.

+0 dBc

+30 dBc+30 dBc

  Frequency wrt 0 2 4-2-4

S
ig

na
l P

ow
er

  desired signal
  in MHz

Figure 2.2: Blocker Mask

Receiver sensitivity is defined as the minimum input signal power that yields a specified packet

error rate (PER), and should be smaller than -92dBm as per the specification. IEEE 802.15.4

sub-GHz signals use BPSK modulation, and the SNR at the output of the receiver should be

higher than 6dB for a <1% PER. To ensure such output SNR, it is important to determine the

maximum allowable SNR degradation from the input to the output of the receiver. This can be

characterized by the noise figure:

NF = SNRin −SNRout

= Sensitivity - Input Noise - SNRout (in dB)
(2.2)

The input noise is the noise generated from a source resistor integrated over the bandwidth of

interest:

Pnoise_in = KT B (2.3)

where K is Boltzmann constant, T is temperature in Kelvin, and B is signal bandwidth

From (2.3) the input noise is calculated to be -113dBm. Plug this value into (2.2), the noise

figure is calculated to be 15dB. This means that the receiver can afford to have a 15dB SNR

degradation and is still able to detect the signal.

Another important evaluation criteria for a robust receiver is its ability to survive in the presence

of interferers. This can be characterized by the linearity performance. Due to the non-linear
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characteristics of semiconductor devices, when two or more signal tones go through a circuit,

they will produce an intermodulation (IM) product. The third-order intermodulation product

(IM3) usually deserves the most attention because they are close to the input tones and can

appear within the desired channel. For example, two strong out-of-band blockers may produce

an IM3 higher than the noise floor overlapping the signal of interest. When this happens, the

IM3 will greatly degrade the overall SNR resulting in signal detection failure.

The input-referred third-order intercept point (IIP3) specifies the input power level at which

the IM3 intersects the fundamental tone and can be found as:

IIP3 = Pin+
(Pin− IM3in)

2
(2.4)

Where Pin is the power of the fundamental tone, and IM3in is the power of the input-referred

third-order intermodulation product

Unfortunately the standard does not specify the linearity requirement, therefore it can only be

inferred from the specification. Assuming that Pin in (2.4) is the power of the alternate channel

blocker (-62dBm) and IM3in is equal to the noise floor (Sensitivity - SNR), IIP3 is calculated

to be -44dBm. This means that if the receiver achieves an IIP3 higher than -44dBm, the overall

SNR of the receiver will not be limited by the non-linearity.

The last major factor that may degrade the SNR of the receiver is the image of the desired

signal, as illustrated in Fig. 2.3. Suppose that the desired signal is ∆ f away from the LO, the

Figure 2.3: Image Before and After Down-Conversion [1]
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signal which is ∆ f away from the LO on the opposite side is called the image of the desired

signal. After down-conversion, the image will sit at the same intermediate frequency (IF) as the

desired signal which effectively reduces the overall SNR. Again, the standard does not specify

the image rejection requirement. But with proper selection of the IF frequency (e.g. <1MHz),

the signal in the adjacent channel can be purposely made to be the image of the desired signal.

This ensures that the image is of the same power as the desired signal and the minimum image

rejection requirement in this case is 6dB.

The following table summarizes the minimum requirements for the receiver operating on the

IEEE 802.15.4 sub-GHz specification:

Table 2.1: Sub-GHz Receiver Specifications

Channel 0 @868 MHz, 600 KHz bandwidth

Channel 1-10 @902 MHz - 928 MHz, 1.2 MHz bandwidth

Channel Spacing 2 MHz

Adjacent Channel Rejection 0 dB

Alternate Channel Rejection 30 dB

Receiver Sensitivity -92 dBm

Noise Figure 15 dB

IIP3 -44 dBm

Image Rejection 6 dB

SNR 6 dB for < 1% PER

2.3 Receiver Architecture

Various RF receiver architectures have been developed over the past years. As different appli-

cations have different requirements on the cost, performance and power consumption, a certain

architecture may be more suitable than the other. In this section, two modern receiver architec-

tures, Direct-Conversion and Low-IF, will be compared based on their compatibility with the

IEEE 802.15.4 sub-GHz standard.

To understand the operation of an RF receiver and the functionality of its building blocks, a

typical receiver block diagram which can be used to represent either a Direct-Conversion or

Low-IF structure is shown in Fig. 2.4. Since the desired RF input signal is very weak (e.g.

-92dBm), a low-noise amplifier (LNA) is used to amplify such signal while adding minimum
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LNA
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Mixer Q

ADC
Channel
Selection
Filter
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90
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Figure 2.4: Typical Receiver Architecture

noise to it so that the overall SNR is not deteriorated. The LNA also needs to match its input

impedance with the external source (e.g. antenna) to avoid signal reflection and ensure the

maximum signal power delivery. Next, the in-phase (I) and quadrature (Q) mixers driven by

quadrature clocks will down-convert the RF signal from carrier frequency to DC or a low

IF, depending on whether a Direct-Conversion or Low-IF architecture is used. This is also

known as the quadrature down-conversion scheme. A main advantage of using quadrature

down-conversion is its image rejection capability. Suppose that the RF signal contains both the

desired signal Asig and its image Aim:

xRF(t) = Asig cos((wLO +wIF)t)+Aim cos((wLO −wIF)t) (2.5)

After down-conversion, the two baseband signals on I and Q paths are:

xI(t) =
Asig

2
cos(wIFt)+

Aim

2
cos(wIFt) (2.6)

xQ(t) =−Asig

2
sin(wIFt)+

Aim

2
sin(wIFt) (2.7)

Notice that the I and Q signals are 90◦ out of phase. If an additional 90◦ shift is introduced to

the Q signal, it becomes:
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x′Q(t) =
Asig

2
cos(wIFt)− Aim

2
cos(wIFt) (2.8)

It is clear that by adding (2.6) and (2.8), not only the desired signal is reconstructed, the image

is eliminated as well.

Finally, since interferers are also down-converted to the baseband along with the desired signal,

a channel selection filter is used to attenuate such interferers. The idea is to present a relatively

"clean" baseband signal to the ADC so that a low power low dynamic-range ADC can be used

to convert the signal into the digital domain for further signal processing.

2.3.1 Direct-Conversion Receiver

Direct-Conversion receiver (DCR) is a special variant of Low-IF receiver where IF is chosen

to be at DC. It is also called Zero-IF receiver for this reason. Since the baseband signal centers

at DC, a low pass filter with low cut-off frequency and sharp roll-off slope can be used for

channel selection, making this structure excellent in rejecting interferers. DCR also tends to

be more power efficient because gain and filtering can happen at a low frequency. Despite its

apparent advantages, DCR has some drawbacks that may prevent it from being used for certain

applications.

The first problem is the self-corruption of asymmetric signals. Modern modulation schemes

such as FSK, QPSK, GMSK, and QAM contain asymmetric spectrum around the carrier fre-

quency. This asymmetric nature of the signal is problematic in DCR because the image of the

signal is the signal itself. Due to this reason, the image cannot be filtered in the analog domain

by an image rejection filter such as a complex filter. Instead, image rejection is performed in

the digital domain through IQ recombination, as mentioned previously. The unfiltered image

together with the desired signal result in a higher dynamic range requirement for the ADC. The

image rejection performance in a DCR depends on the gain and phase matching between I and

Q signals. This can be characterized by the image rejection ratio IRR which stands for the ratio

between the signal power and image power after IQ recombination:

IRR =
(1+ ε)2 +2(1+ ε)cos∆θ +1

(1+ ε)2 −2(1+ ε)cos∆θ +1
(2.9)

Where ε is the gain mismatch and ∆θ is the phase mismatch.

IRR is ideally infinite, however a real system will inevitably experience some amplitude and
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Figure 2.5: Image Rejection vs Amplitude and Phase Imbalance [2]

phase mismatch between the IQ signals which lead to a finite IRR. Fig. 2.5 shows the IRR with

response to the amplitude and phase imbalance. For example, 1◦ phase mismatch and 0.5dB

gain mismatch will result in a 25dB IRR.

The second problem is the DC offset due to LO self-mixing and 2nd order distortion. LO self-

mixing occurs when the LO signal leaks to the RF section through parasitic capacitors and

re-mixes with the LO itself, creating a DC signal in the baseband [10]. Two tones can also

create a low frequency beat near DC. Suppose that the RF signal contains two interferers at

w1 and w2 with an amplitude of A: Vin(t) = Acos(w1)t +Acos(w2)t. Upon passing through a

non-linear circuit such as LNA, the RF signal becomes:

Vout = α1Vin(t)+α2V 2
in(t)

= α1A(cosw1t + cosw2t)+α2A2 cos(w1 +w2)t+

α2A2 cos(w1 −w2)t + ...,

(2.10)

The low frequency component at w1 −w2 can show up in the baseband due to the mismatch

in IQ mixers [10]. These DC signals are amplified along with the desired signal and can

potentially saturate the receiver. In order to filter out such signals, a high-pass filter with very
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low cut-off frequency should be introduced to the receiver. This not only damages the desired

signal itself but also increases the system complexity as simple on-chip passive elements are

infeasible to realize a low cut-off frequency near DC.

The last problem is DCR’s sensitivity to the 1/f noise. The 1/f noise power is inversely pro-

portional to frequency, making it particularly harmful for narrowband systems because a large

portion of the signal band will fall into the 1/f regime, greatly degrading SNR.

In conclusion, DCR is best-suited for applications with a large signal bandwidth where the DC

offset and 1/f noise can be remedied fairly easily without damaging the desired signal. But it

is non-ideal for narrowband applications like IEEE 802.15.4.

2.3.2 Low-IF Receiver

Unlike a DCR where the IF is located at DC, a Low-IF receiver usually moves the IF away

from DC up to a few MHz. The problems discussed above in the DCR also exist in the low-IF

receiver but are not as severe. Since the baseband signal is now located at a higher frequency,

the DC offset and 1/f noise can be remedied with a simple RC high pass filter without damaging

the desired signal. The image rejection method by using IQ recombination in the digital domain

is still feasible in low-IF receivers. Moreover, since the image is no longer the desired signal

itself as in DCR, a complex filter can also be used for image rejection in the analog domain.

The magnitude response of a Nth order complex filter can be described as:

|H( jw)|= 1
√

1+
(w−wc

wp

)2N
(2.11)

where Wc is the center frequency, Wp is the pole location, and N is the filter order

Low-IF receivers operating on the IEEE 802.15.4 sub-GHz standard can choose an IF <1MHz

so that the image becomes the signal in the adjacent channel which is of the same power as

the desired signal. According to (2.11), a 3rd order complex filter with a center frequency (IF

in this case) of 800KHz and a cut-off frequency of 750KHz (for 1dB attenuation at the edge

of the signal band) can attenuate the image by 20dB. Notice that such value can also be easily

obtained by using IQ recombination even with a coarse matching condition (Fig. 2.5).

Overall, the low-IF structure better suits the IEEE 802.15.4 sub-GHz standard due to its insen-

sitivity to the DC offset and 1/f noise.
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2.4 Analog-to-Digital Converter

Modern RF receivers will place ADCs at the end of the receiver chain to convert the baseband

analog signal into a digital form for further signal processing in the digital domain. Since

an ADC’s resolution is directly related to its power consumption, is it ideal if a low resolution

ADC can be used for the conversion so that little overhead is added to the overall power budget.

This requires the receiver front-end to filter out most of the interferers so as to reduce the

signal’s dynamic range upon arriving to the ADC. Table 2.2. shows the pre and post-filtered

blocker mask for the IEEE 802.15.4 sub-GHz standard.

Table 2.2: Pre and Post Filtered Blockers

alternate adjacent main adjacent alternate

IF (MHz) -9.2 -7.2 -5.2 -3.2 -1.2 0.8 2.8 4.8 6.8 8.8 10.8 12.8 14.8

Before filter (dBm) -62 -62 -62 -62 -92 -92 -92 -62 -62 -62 -62 -62 -62

After filter (dBm) -104.5 -98.1 -89.7 -77.1 -92.4 -92 -103.8 -87.6 -96.6 -103.4 -108.7 -113.1 -116.9

Table 2.2 assumes that the receiver chain provides a 3rd order low-pass filtering with a cut-

off frequency of 1.8MHz (for 1dB attenuation at the signal edge). The post-filtered signal is

dominated by the blocker at -3.2MHz with a power of -77dBm, which sets the full-scale (FS)

for the ADC. The SNDR of the ADC can then be found as:

SNDR = (FS+Creset Factor)− (Noise Floor−10 dB) (2.12)

With a FS of -77dBm, crest factor of 3dB, noise floor of -113dBm, and an extra margin of

10dB, the SNDR of the required ADC is 50dB. This means that an ADC with 8-bit resolution

should be used, according to the formula:

ENOB =
(SNDR−1.76)

6.02
(2.13)

The interferers beyond 14.8MHz will be filtered below the noise floor. This means that the

sampling frequency of the ADC should be higher than 14.8MHz so that negligible amount of

interferers will fold into the signal band. Finally, the power consumption of the ADC can be

estimated based on the well-known figure-of-merit (FOM) [11]:

FOM = SNDR+10log
BW

Power
(2.14)

The state-of-the-art ADC with a 2MHz bandwdith can achieve a 56.9dB SNDR with 820uW
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power consumption [12]. Assuming that the ADC used in the receiver front-end achieves the

same FOM as [12], the power consumption for such ADC (50dB SNDR) can be estimated

based on (2.14) and is found to be 151uW. However, if the blockers are not filtered before

arriving to the ADC, the ADC’s full-scale will be dominated by the adjacent-channel blocker

with a power of -62dBm. According to (2.12) and (2.14), the ADC in this case would require

a SNDR of at least 63dB (the SNDR can be even higher due to unfiltered interferers folding in

band after sampling) and consume 3mW. While the power consumption considered here is a

very rough estimation, it nevertheless offers an insight into the choice of the receiver filtering

profile. Therefore, the proposed receiver front-end will be designed to have a 3rd order low-

pass filtering capability.



Chapter 3

Design Solution

This section will discuss the proposed receiver front-end solution for the IEEE 802.15.4 sub-

GHz standard. The topology selection and transistor level implementation for each of the

blocks used in the receiver front-end will be presented including the LNA, Mixer, TIA and

Channel Selection Filter. The function and performance of the proposed design blocks will be

examined in detail together with theoretical analysis and simulation results.

3.1 Proposed Receiver Front-End

Recently, RF receivers exploiting class-AB LNA have shown to achieve a promising perfor-

mance in power usage efficiency and blocker tolerance [13], [14]. The goal of the proposed so-

lution is to extend the use of class-AB operation to the entire RF front-end. The structure of the

proposed receiver is shown in Fig. 3.1. The LNA is followed by a pair of passive current mixers

to implement a low-IF quadrature down conversion scheme. As typically happens in ultra-low

power RF front-end, the LNA is single-ended. This choice reduces the power consumption of

the RF section and avoids the use of an external balun, which would degrade the RX sensitivity

with its insertion loss. The passive mixers, driven by a 25% duty-cycle clock, perform also

a single-ended to differential conversion by making the remaining part of the receiver fully

differential. An on-chip divider is designed to generate non-overlapping phases from an exter-

nal LO. The receiver is completed by the analog baseband section where the down-converted

current is sensed by a class-AB filtering TIA ac-coupled with a further filtering stage which

makes the receiver fully compliant with the IEEE 802.15.4 blocker profile.

In the absence of large interferers, both the LNA and TIA will work in class-A drawing mini-

14
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Figure 3.1: Proposed Receiver Front-End

mum current from the power supply. When large signals show up at the input of the receiver,

both the LNA and TIA will operate in class-AB by handling the blockers without saturating

the system. The LNA output and the TIA input are biased at the same dc value to ensure that

nominally zero dc current flows through the mixer switches [15]. This eliminates the need for

large decoupling capacitors at the input of the passive mixers to minimize the impedance seen

by the LNA. As a result, the LNA experiences a low output voltage swing even in the pres-

ence of large blockers since its load is dominated by the low input impedance provided by the

TIA, which is up-converted to the LNA output via the mixer [15]. This strategy avoids gain

compression at the output of the LNA and improves linearity.

The TIA, with a 2nd order filtering capability, is able to attenuate large out-of-band blockers at

an early stage which greatly improves out-of-band linearity. The TIA together with the channel

selection filter create an overall 3rd order Butterworth filtering profile for the receiver front-end.

Image rejection will be performed in the digital domain through IQ recombination. With an IF

of 800KHz, the baseband signal spans between 200KHz and 1.4MHz. A high-pass filter with

a cut-off frequency of as high as 200KHz is sufficient to filter the dc-offset and 1/f noise. The

high-pass filter is realized with a passive RC circuit between the TIA and channel selection

filter.
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3.2 Low Noise Amplifier

3.2.1 LNA Overview

+
−

Mixer+BB

Vb

Rin

IOUT

Mixer+BB

+
−Rs

Rs Lg

Cg

Ls

Rin

(a) (b)

VIN

I2n,M

I2n,BBeq

V2
n,in

I2n,BBeq

I2n,M
V2

n,in

IOUT

VIN

Figure 3.2: Common-Gate and Common-Source LNA

There are several challenges in the LNA design. As the first block in the receiver chain, it

dictates the overall receiver noise performance. It is usually the most power consuming block in

the receiver, therefore minimizing its power consumption is critical for low power applications.

Since the LNA interfaces with pre-filtered RF signals, it should also be sufficiently linear in

order to withstand large interferers. Over the past years, extensive studies have been done on

LNA topologies to target various design requirements. However, most of the LNA topologies

are built upon the two fundamental structures - the Common Gate (CG) and Common Source

(CS) LNA (Fig. 3.2)[10].

Both LNAs in Fig. 3.2 have a current output and are loaded by a TIA via a mixer. In Both

structures, a real input impedance Rin is synthesized to match with the 50Ω source resistor Rs

over the bandwidth of interest. There are three main noise sources in both LNA structures.

The first one is the voltage noise V 2
n,in = 4KT Rs from the source resistor Rs (which comes

from the antenna and cannot be reduced). The second one is the transistor’s current noise

I2
n,M = 4KT γgm. And the last one is the up-converted baseband current noise I2

n,BBeq, which

is usually dominated by the TIA’s input transistor noise. The noise coupling between I and Q

paths can be ignored to simplify the noise calculation[16].

To determine the up-converted baseband noise, consider the model in Fig. 3.3. V 2
n is the input-

referred voltage noise of the opamp used in the TIA. I2
n,BB is the input-referred current noise of
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Figure 3.3: Up-Converted BB Noise Model

the TIA due to V 2
n . I2

n,BBeq is the up-converted current noise of the TIA that appears on the RF

side. Ra is the source impedance of the TIA looking into the output of the mixer. And β is the

mixer’s conversion gain, which is equal to
√

2/π when the mixer is driven by 25% duty-cycle

clocks. The input-referred current noise of the TIA can be computed as [17]:

I2
n,BB =

V 2
n

(Ra ‖ R f )2
(3.1)

Assuming that V 2
n comes from the input transistor in the opamp, its value then becomes 4KT/gm,op

(where gm,op is the transconductance of the input transistor). Substitute it back into (3.1) and

divide (3.1) by the mixer’s gain, the up-converted baseband current noise becomes:

I2
n,BBeq =

4KT γ

gm,opβ 2(Ra ‖ R f )2
(3.2)

Next, the transfer function, input impedance, and noise figure for the CG LNA are presented

below.

Transfer function (CG):
Iout

Vin
=

gm

1+Rsgm
=

gm

2
(3.3)

Input Impedance (CG):

Rin =
1

gm
(3.4)

The input impedance of the CG LNA is ideally constant over frequency. In reality, however,

it changes with frequency when parasitic capacitance of the transistor is taken into account.

Nevertheless, the CG LNA can still provide a relatively wide band input impedance matching.

Since the input impedance is directly related to the trans-conductance (which in turn is re-

lated to the power consumption) of the LNA, there is no much freedom in choosing the power

consumption of the CG LNA.
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Noise Figure (CG):

NF = 1+ γ +
4γRs

gm,opβ 2(Ra ‖ R f )2
(3.5)

With γ ≈ 1, the NF is at least 3dB. While the NF can be lowered by increasing gm, doing so will

violate the Rs = 1/gm input matching condition. There are techniques that allow one to increase

gm while maintaining the input matching condition, such as using a feedback or feed-forward

loop in the conventional CG LNA [10]. However, this additional degree of freedom is paid

with the price of increasing either the power consumption or the complexity of the loop.

The transfer function, input impedance, and noise figure for the CS LNA are presented below.

The passive network at the input (Fig. 3.2(b)) not only provides impedance matching but also

creates a Q boost on the transistor gate at resonance.

Transfer function (CS):
Iout

Vin
=

gmQ

2
(3.6)

Where Q =
1

WoCgRs

Input Impedance (CS):

Zin = s(Lg +Ls)+
1

sCg
+

gm

Cg
Ls (3.7)

gm/Cg (also known as wt) and Ls synthesize the frequency-independent real part of the input

impedance. At resonant frequency, Ls, Lg and Cg cancel out the imaginary part of the input

impedance providing a narrow band matching to the source resistor. Unlike the CG LNA, the

input impedance of the CS LNA does not correlate with the power consumption. Therefore, a

low power design can be achieved for the CS LNA. The disadvantage of this topology is the

large silicon area occupied by the passive elements, especially the integrated inductors. This

problem becomes worse for sub-GHz applications, as even larger inductors are required to

resonate with capacitors under 1GHz. This leads to a Lg too large to be integrated on-chip and

therefore realizing it off-chip is the only option.

Noise Figure (CS):

NF = 1+
γ

gmRsQ2
+

4γ

gm,opβ 2(Ra ‖ R f )2g2
mQ2Rs

(3.8)

Since the real part of the input impedance does not only depend on gm, the noise can be de-

signed to be arbitrarily small by increasing gm. In addition, the Q boost on the transistor gate
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further reduces the noise by Q2. Therefore, with the proper choice of design parameters, low

noise and input matching can be achieved simultaneously.

Table 3.1 compares the performance of the CG and CS LNA. Since low noise and low power

are the two key objectives for the target receiver design, plus IEEE 802.15.4 channels only span

a narrow bandwidth (<100MHz), the CS LNA is a more suitable option.

Table 3.1: Common-Gate vs. Common-Source LNA

Topology Gain Input Impedance Noise Power

CG Low Wide Band High (>3dB) High due to 1/gm matching condition

CS High Narrow Band Low (<3dB) Low and can tradeoff with noise

3.2.2 Proposed LNA

Vdd

Vb3

−

+
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IoutLg
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Vdd

Out
opamp
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Mixer I
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Rb
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Name Size

M1 80/0.12 um

M2 40/0.12 um

M3 80/0.12 um

M4 160/0.12 um

M5 1/0.12 um

M6 2/0.12 um

Cc 1 pF

Cgn, Cgp 400 fF

Ln, Lp 10 nH
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Figure 3.4: Class-AB PN Complementary LNA

The conventional CS LNA in Fig. 3.2(b) has been widely used for narrow band applications

because of its high gain and low noise performance. Several techniques have been proposed

to modify this classical topology to reduce its power consumption and increase its linearity.

One of them is the current re-use technique where a NMOS stage and a PMOS stage share

the bias current thereby increasing the effective gm for a given bias current [18]. In the design

proposed in [18] the structure was biased to operate only in class-A with a limited blocker
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tolerance. Increasing the gate-source overdrive voltage can improve the linearity, but the bias

current should be increased as well. To enhance blocker tolerance without sacrificing power

consumption, the LNA can be biased in class-AB [13], [14].

The proposed LNA in Fig. 3.4 uses the PN complementary structure which simultaneously

achieves current re-use and class-AB biasing. The complementary transistors M1 and M4 op-

erate in the weak inversion region to maximize the gm/Id ratio. PMOS transistors are sized

two times larger than NMOS transistors to compensate for their smaller mobility. To reduce

the area of the design, Ln and Lp inductors are realized through an integrated transformer and

coupled each other. The gmn/Cgn and gmp/Cgp ratios have been designed to be approximately

the same so that a 1:1 transformer could be used thereby simplifying the layout and having

a full symmetric structure. At sub-GHz frequencies, an off-chip inductor (Lg) is required to

resonate the input network and provide the required input impedance matching. The LNA’s

dc output voltage is set through a current-mode feedback injecting into the source of M3 and

M2. The current-mode approach simplifies the compensation of the feedback loop and re-

duces the parasitic capacitance introduced by the biasing network. The LNA consumes 550uA

current.

Transfer function (Proposed LNA):

Iout

Vin
=

gmpQp +gmnQn

2

Where Qp =
1

WoCgspRs
and Qn =

1

WoCgsnRs

(3.9)

Clearly, the addition of PMOS input stage increases the transconductance gain.

Input Impedance (Proposed LNA):

Zinp =
gmpLp

Cgp
+ sLp +

1

sCgp

Zinn =
gmnLn

Cgn
+ sLn +

1

sCgn

Zin = sLg +Zinp ‖ Zinn

(3.10)

The input impedance of the proposed LNA can be viewed as two CS LNA input impedance

placed in parallel. NMOS and PMOS input stages synthesize their respective real impedance

Rinp and Rinn which together produce an equivalent 50Ω resistance to match with Rs. The

remaining imaginary part is cancelled out with an external Lg at resonant frequency.
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Noise Figure (Proposed LNA):

NF = 1+
γ

Rs

gmp +gmn

(gmpQp +gmnQn)2
+

4γ

gm,opβ 2(Ra ‖ R f )2(gmpQp +gmnQn)2Rs
(3.11)

To understand the benefit of using the proposed structure on the noise figure, consider a

special case where gmp = gmn = gm and Qp = Qn = Q. NF in this case is simplified to

1+
γ

2gmRsQ2
+

γ

gm,opβ 2(Ra ‖ R f )2g2
mQ2Rs

. Compare this equation with (3.8), the noise from

the active elements (second term) is reduced by half and the noise from the loading (third term)

is reduced by four times. Indeed, in the proposed structure, the noise power from the active

devices doubles due to the additional PMOS input stage, and the noise power from the loading

remains the same. However, the signal power is quadrupled because the transconductance gain

is doubled. Therefore, the overall noise figure of the proposed LNA is significantly lower than

the conventional CS LNA.

3.2.3 Transformer Design

(a) Interleaved (b) Tapped (c) Stacked

Figure 3.5: Common Transformer Structures [3]

The LNA in [18] uses two on-chip inductors for Ln and Lp which occupies a large area. In the

proposed LNA, these two inductors are replaced by an on-chip transformer. The total chip area

is reduced as a result.

The performance of a transformer can be characterized by its magnetic coupling, self-inductance

and self-resonant frequency. Magnetic coupling and self-inductance together create the overall

inductance of a transformer coil. Self-resonant frequency is the frequency up to which the coil

behaves as an inductor. It sets the maximum frequency at which the transformer can be used.
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Three common transformer structures are shown in Fig. 3.5 and their respective performances

are summarized in Table 3.2 [3].

Table 3.2: Common Transformer Structures Comparison

Structure Coupling Self-Inductance Area Self-Resonance

Interleaved > 0.7 Medium Medium Medium

Tapped 0.3 - 0.7 Low Large High

Stacked 0.9 High Small Low

Tapped structure has the highest self-resonant frequency because the two coils are separated

thereby minimizing the inter-coil capacitance. Its downside is the poor magnetic coupling and

large area occupation. The stacked structure allows two coils on different metal layers to stack

on top of each other, which maximize the magnetic coupling and self-inductance and minimizes

the area occupation. This structure, however, has a poor self-resonant frequency due to the

increased capacitance between the two coils and from the bottom coil to the substrate. The

interleaved structure has two interleaved coils constructed on the same metal layer, resulting in

a fairly high magnetic coupling, medium self-inductance and medium self-resonant frequency.

Since the interleaved structure allows perfect symmetry between the two coils, does not have

any serious drawbacks, and has sufficiently good performance for LNA operating in sub-GHz,

it becomes the structure of choice in the proposed LNA design.

(a) Transformer 270um×270um

(b) Individual Inductors 230um×230um×2

Figure 3.6: ASITIC - Transformer VS Individual Inductors

Once the transformer structure is determined, a fast simulator such as ASITIC can be used

to quickly estimate the transformer’s performance for a given set of geometry parameters.

In Fig. 3.6(a), a 1:1 interleaved square transformer is constructed in ASITIC. The equivalent

inductance of the two coils matches with Ln and Lp in Fig. 3.4.
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Fig. 3.6(b) shows a realization of Ln and Lp with two square inductors using the same metal

width and spacing as the transformer in Fig. 3.6(a). In addition, the two square inductors are

sized to have the same self-inductance and quality factor as the two coils in the transformer

in Fig. 3.6(a). Compared Fig. 3.6(a) and Fig. 3.6(b), using a transformer reduces the area

occupation by approximately 31%.

While a fast simulator allows the designer to quickly characterize a transformer and determine

its geometry parameters, it usually has a poor estimation on the transformer’s actual perfor-

mance. Hence, a more accurate EM simulator HFSS is used to accurately characterize the

proposed transformer structure, as shown in Fig. 3.7.

Figure 3.7: HFSS - Transformer

With the same geometry setting, simulation results of the transformers created by ASITIC and

HFSS are compared in Fig. 3.8 - 3.10
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Figure 3.8: ASITIC vs HFSS - Quality Factor
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Figure 3.10: ASITIC vs HFSS - Mutual Inductance

Fig. 3.8 - 3.9 only shows the quality factor and self-inductance of one coil. The second coil has

the same characteristics due to the symmetrical structure of the proposed transformer. Com-

paring the simulation results from the two simulators, it is clear that ASITIC overestimates the

transformer’s quality factor and self-inductance. To be conservative, the transformer model

created by HFSS will be used in the receiver design.

3.2.4 Simulation of Proposed LNA

Fig. 3.11 shows the test bench for the proposed LNA simulation. An additional 300fF ca-

pacitor that captures the parasitic capacitance of the pad and package is added to the RF in-

put. The LNA is loaded by a pair of ideal IQ mixers (switches) driven by 25% duty-cycle

clocks. The baseband circuit is represented by an ideal 1st order low-pass TIA with a 25kΩ

trans-impedance gain, 250Ω input impedance, and 2MHz cut-off frequency. To include the

baseband noise in the simulation, a 2.5kΩ noisy resistor Rn,BB which represents the op-amp’s

input-referred noise is inserted in front of the op-amp. The noise from Rn,BB is equivalent to the

noise from an input differential transistor pair with a 800uS gm . A transformer model obtained

from the HFSS simulator is also included in the simulation. Simulation results are summarized
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Figure 3.11: Proposed LNA Simulation Test Bench

in Fig. 3.12-3.19. The LNA achieves S11<-10dB over 200MHz bandwidth, 45mS transcon-

ductance gain, and 1.8dB noise figure. The out-of-band IIP3 test is performed with two tones

placed at [LO+10MHz, LO+19MHz] and an IIP3 of 0dBm is achieved. The out-of-band P1dB

compression test is performed by placing a tone at LO+50MHz and sweeping its power until

the gain drops by 1dB. The LNA achieves a P1dB of -10.5dBm. Fig. 3.18 and Fig. 3.19 show

the drain currents of the NMOS and PMOS input stages in the proposed LNA in the presence

of a blocker at LO+50MHz. When the blocker power is small (e.g. -40dBm), the LNA works

in class-A (Fig. 3.18). When the blocker power is large (e.g. -15dBm), the LNA works in

class-AB (Fig. 3.19).
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Figure 3.12: Proposed LNA: Input Impedance
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Figure 3.14: Proposed LNA: Transconductance Gain
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Figure 3.15: Proposed LNA: Noise Figure
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Figure 3.18: Proposed LNA: Class-A Operation
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Figure 3.19: Proposed LNA: Class-AB Operation
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3.3 Mixer

3.3.1 Mixer Overview

In RF receivers, the mixer is responsible for down-converting the RF signal to the IF by mul-

tiplying the RF signal with LO signals. Mixer topologies can be classified as active mixers

and passive mixers. Active mixers are able to provide a high gain but they require active cur-

rent biasing and hence consume power. Due to the high gain, the noise contribution from the

following stages in the receiver chain are suppressed making active mixers a good choice for

low noise applications. Passive mixers, on the other hand, does not provide gain because their

transistors do not have active current biasing. However, they are well-suited for applications

where low power is the primary objective. It has also been shown that passive mixers have a

better linearity and flicker noise performance compared to their active counterparts [19], [20],

[21], [22]. Therefore, a passive mixer will be used in the proposed receiver front-end.

3.3.2 Proposed Mixer
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IBBQN

LNA

TIA

TIA

0

90
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270
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−

+

−

+

VbLO

Cc Rb

Figure 3.20: Single-balanced Current-driven Passive Mixer

The proposed mixer structure is the single-balanced current-driven passive mixer, as shown in

Fig. 3.20. The mixer is driven by the LNA on the RF side and loaded by the TIA with a low

input impedance on the baseband side. A single-balanced structure is used because the LNA is

single-ended. Both end of the mixer are biased at the same DC level to ensure zero DC current
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flowing through. NMOS transistors are chosen since they can achieve the same on-resistance as

PMOS transistors with a smaller size. A smaller size also means a smaller capacitive loading

for the LO generator. A series capacitor Cc isolates the transistor’s gate bias from the LO

generator thus allows gate bias control for threshold adjustment. The four single-balanced

mixers driven by 25% duty-cycle quadrature clocks will down convert the single-ended RF

signal to two differential baseband IQ signals. It has been shown that using 25% duty-cycle

clocks can eliminate IQ cross-talk and also increase the conversion gain compared to using

50% duty-cycle clocks [23]. The conversion gain of a single mixer is:

H(s) =
1

2π

sin(πd)

2d
(3.12)

Where d is the duty cycle of the LO signal and is 0.25 in this case. The conversion gain from

RF to baseband on the I(Q) path (differentially) is therefore

√
2

π
(-6.94 dB).

The operation procedure for the proposed mixer is presented in Fig. 3.21 [24]. In Fig. 3.21(a),

the LNA is modelled by a current source Ir f in parallel with a loading capacitor Clna. Mixer A

represents either the I or Q mixer. In Fig. 3.21(b), a duplicated mixer B is created and placed in

parallel with the original mixer A. The two mixers are driven by the same LO. However, Ir f and

Clna are now separated and attached to the input of the two mixers respectively. This transfor-

mation does not alter the actual behaviour of the mixer if the switches are ideal. In Fig. 3.21(c),

Ir f is down-converted to IBB on the I(Q) path via mixer B. Only the fr f − fLO component is

significant in IBB because higher order harmonics are filtered by the low-pass shaped ZBB. The

equivalent driving impedance Zeq looking from the output of mixer A can be obtained through

the switched-capacitor approach. Finally, a continuously time model capturing the transfer

function of the mixer is obtained in Fig. 3.21(d).

Since the proposed mixer utilizes quadrature clocks with 25% duty-cycle, the conventional

switched-capacitor approach which requires a 50% duty cycle clock is infeasible to evaluate

Zeq. To find Zeq in this case, an evaluation procedure proposed in [24] is presented in Fig. 3.22.

A test voltage Vx is placed on the I path output and a correlated test voltage jVx is placed

on the Q path output. During a clock period, Clna samples
Vx

2
and

jVx

2
alternatively leading

to an average charge transfer of
(1− j)ClnaVx

2
through the mixer. Ix can then be obtained by

multiplying this value with the clock frequency. Finally, the differential driving impedance Zeq

becomes:

Zeq =
1+ j

Clna flo

(3.13)
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Figure 3.21: Derivation of CT model for mixer

Having obtained the equivalent continuous-time model for the proposed mixer, the value of

the baseband loading can be determined for a certain conversion gain. With a 200fF Clna and

900MHz flo, the magnitude of Zeq is 7.86kΩ. If a conversion loss of 0.5dB due to the current

partition between Zeq and 2ZBB is allowed, the TIA should be designed to have a < 250Ω input

impedance (ZBB).

The next step is to determine the transistor size for the mixer. First of all, as the LNA, Mixer and

TIA form a current divider, the switch’s on-resistance should be minimized to avoid loading

the LNA which decreases the conversion gain. In addition, in the presence of large blockers,

the LNA output will start to see a large swing which modulates the switch’s on-resistance

and decreases linearity. Therefore the switch should be sized large enough to maintain a high

linearity under large blockers. However, a larger switch will also increase LO’s capacitive load
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Figure 3.22: Equivalent Output Impedance for 25% Duty-Cycle LO

resulting in a higher power consumption on the LO side. Lastly, it has been shown that the noise

from the switching transistors is inversely proportional to the LNA’s output capacitance [24].

Therefore a larger switch size will increase the LNA’s capacitive load and increase the noise

figure. In conclusion, the conversion gain and linearity set the lower boundary for the switch

size, while the noise performance and LO power consumption set the upper boundary.

Based on the above discussion, a transistor size of 24um is determined for a balanced noise

and linearity performance. Simulation results with the LNA, mixer and TIA working together

will be presented and discussed in section 3.6.

3.3.3 25% Duty-Cycle Divider

Since a voltage-controlled oscillator cannot provide quadrature clocks with 25% duty-cycle

(which is required for the proposed mixer), a clock divider must be used. The clock divider

and the latch is adopted from [25] and is shown in Fig. 3.23.

When clk is high, the latch senses the inputs and produces differential outputs. When clk is

low, M1-2 are off, and one output keeps the high state as before while the other output is pulled

up by the input. Since both outputs are high when clk is low, the latch produces asymmetrical

outputs which gives the 25% duty-cycle behaviour. M5-6 are used to prevent direct current

flow from Vdd to Gnd when clk is low and thus save power. Fig. 3.24 shows the operation

of the clock divider which takes a 1.8GHz clock as input and produces 900MHz quadrature
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clocks with 25% duty-cycle. The clock divider together with the buffers after it consumes

350uA current.

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
−0.5

0

0.5

1

1.5

Time (ns)

V
ol

t (
v)

 

 
Clock In

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
−0.5

0

0.5

1

1.5

Time (ns)

V
ol

t (
v)

 

 
Clock 0
Clock 90
Clock 180
Clock 270

Figure 3.24: 25% Duty-Cycle Divider Outputs
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3.4 Trans-Impedance Amplifier

3.4.1 TIA Overview

−

+
RF

Iin

Cs Cs

Vout

C1

R1

R1

C1

Mixer

Figure 3.25: First Order Active RC TIA

In current-mode down-conversion receivers, a low-pass TIA is often used to sense the down-

converted current signal and produces a voltage output. Since the TIA is the first baseband

stage, its input impedance, noise and linearity can critically affect the performance of the over-

all chain. A low input impedance is necessary to ensure the theoretical conversion gain of the

mixer by maximizing the signal transfer between the RF and BB. It also limits the voltage

swing at the output of the mixer to reduce the modulation on the switch resistance when large

blockers are present. The goal of the TIA design is to achieve a high gain in the signal band to

suppress the noise coming from the following stages, and to provide a high attenuation in the

stop band to reject large interferers.

A common TIA structure is the 1st order active RC filter as shown in Fig. 3.25. This structure

has a transfer function:

H(s) =− R1

1+ sR1C1
(3.14)

The trans-impedance gain is provided by the feedback resistor R1. A real pole is created by

R1C1 which achieves a 1st order filtering. At low frequency, the input impedance is R1 divided
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by the loop gain of the amplifier and is ideally a virtual ground. At high frequency, a large shunt

capacitor Cs maintains a low input impedance as the loop gain of the amplifier drops.

This simple structure suffers from several drawbacks. A 1st order filter is insufficient to atten-

uate large interferers, which can potentially saturate the TIA. Therefore the gain of the TIA

must be compromised in order to maintain a high linearity. A small gain is non-ideal since

it not only increases the noise contribution from the following stages, but also increases the

baseband area. In addition, a large capacitor Cs should be used to attenuate interferers at the

input, which also increases the chip area.

3.4.2 Proposed TIA

To improve the limitations of a single pole TIA, a TIA topology which exhibits a 2nd order

low-pass response and an excellent blocker cancellation capability has been proposed in [26]

and is shown in Fig. 3.26. In the filter pass-band, the feedback path is open (since it’s ac-

coupled through capacitor C1) and the current signal goes through the feed-forward Op-Amp

with a trans-impedance gain of R1. On the other hand, in the filter stop-band, the interferers

are absorbed by the feedback path through the capacitor C1. The two real zeros in the feedback

network (created by C1 and R2C2) become complex conjugate poles in the close-loop transfer

function:

H(s) =− R1

s2R1R2C1C2 + sR1C1 +1



























wo =

√

1

R1R2C1C2

Q =

√

R2C2

R1C1

(3.15)

Therefore, the TIA can be configured as a 2nd order Butterworth filter. As proposed in [26],

the OTA in the TIA’s feedback path has been implemented with a complementary topology

operating in class-AB. As a result, the TIA can achieve a low power consumption and low

noise during the sensitivity test and a high blocker tolerance in the presence of large blockers

[26]. The noise and distortion contributed by the feedback network are negligible because they

are high-pass shaped by C1. Since C1 is boosted by the feedback network, it is able to absorb
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Figure 3.26: Proposed TIA

large interferers with a relatively small size. The shunt capacitor Cs can be sized small as well

because it is only responsible for draining very far-away interferers in this case. Notice that,

the particular low in-band noise of this topology allows the trans-conductance gain of the LNA

to be limited to less than 40mS. This approach not only saves power in the LNA itself but

also scales up the impedance level of the filter without saturating the receiver chain. A larger

impedance reduces both the area of the baseband section and the power consumption in the

output stage of the feed-forward Op-Amp.

The cut-off frequency of the TIA can be reconfigured by changing C1 and C2, which are imple-

mented as 4-bit capacitor banks (Fig. 3.27). The capacitor bank uses binary-weighted capaci-

tors with a unit size of 160fF. The switch is realized with a transmission gate and is placed at

the side of the capacitor that sees a small swing (e.g input of the Op-Amp and OTA). According

to (3.15), if C1 and C2 change by the same ratio α , the quality factor of the filter will remain

the same while the cut-off frequency will change by 1/α .
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Figure 3.27: TIA: Capacitor Bank

The overall baseband circuit should provide a 3rd order butterworth filtering profile as shown

in Fig. 3.28
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Wr 60
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Figure 3.28: 3rd Order Butterwroth Filter

The two complex conjugate poles can be realized in the TIA with the Q in (3.15) set to 1, and

the remaining real pole can be created by a 1st order active RC filter after the TIA.

The magnitude response of a Nth order butterworth low-pass filter is:

|H( jw)|= 1
√

1+
( w

wp

)2N
(3.16)

Where wp is the cut-off frequency and N is the filter order

The nominal cut-off frequency of the filter is chosen to be 1.8MHz for a 1dB attenuation at the
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edge of the signal band (1.4MHz). The trans-impedance gain is chosen to be 25KΩ to achieve

an over 50dB gain in the front-end. The rest of the circuit parameters can be calculated based

on (3.15) and are shown in Fig. 3.26.

3.4.3 Operational Amplifier in Feed-Forward Path
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M6M5

M7 M8

Rb RbRc Cc RcCc
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Name Size
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M3-4 8/1 um

M5-6 16/1 um

M7-9 20/0.5 um

Cc 800 fF

Rc 3 kΩ

Rb 100 kΩ

Rcm 100 kΩ

Figure 3.29: TIA: Operational Amplifier

Fig. 3.29 shows the implementation of the Op-Amp with a classical two-stage structure. M1

and M2 are biased in sub-threshold to maximize the gm/Id ratio and reduce the thermal noise.

Transistor length for M3 and M4 is sized ten times larger than the minimum length to decrease

the flicker noise. Miller compensation technique is realized through Rc and Cc and is intro-

duced for stabilization purpose. The first stage common-mode is set by Rb, and the output

common-mode is set by the common-mode feedback amplifier. The Op-Amp consumes 300

uA current.
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3.4.4 Operation Transconductance Amplifier in Feedback Path
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Figure 3.30: TIA: Operational Trans-conductance Amplifier
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Figure 3.31: TIA: Class-A vs. Class-AB Operation
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Fig. 3.30 shows the implementation of the OTA. NMOS devices are biased by OP1 while

PMOS devices and the output common-mode are biased by OP2. Similar to the proposed LNA,

the OTA uses the PN complementary structure which allows both PMOS and NMOS devices

to share the same bias current thereby increasing the effective transconductance for a given

bias current. To further increase the current usage efficiency, PMOS and NMOS devices are

biased in class-AB which results in a low current consumption in the absence of blockers and

a strong blocker cancellation capability in the presence of large blockers. The OTA consumes

200 uA current.

Fig. 3.31 shows the OTA’s drain current (NMOS only) in the presence of a blocker located

at 50MHz offset frequency. The blocker in this case is the down-converted interferer current

showing up at the input of the TIA. When the blocker is small (e.g 40uA), the OTA still works

in class-A and its drain current has a sinusoidal shape around the dc bias current (100uA).

When the blocker is large (e.g 600uA), the OTA is forced to operate in class-AB, which allows

it to produce a large output current to cancel the blocker.

3.5 Channel Selection Filter
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+
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R1 100 kΩ

R2 100 kΩ

C1 12 pF

C2 900 f F

Figure 3.32: First Order RC Filter with High-Pass Input

As part of the channel selection function (two complex conjugate poles) is already provided

by the TIA, the remaining real pole can be realized by a RC active filter as shown in Fig. 3.32.
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The filter provides a gain of R2/R1, and a real pole of 1/R2C2. C2 is also implemented as a

4-bit capacitor bank (with 80fF unit capacitor size) for cut-off frequency reconfiguration. The

capacitor bank shares the same control signals with the capacitor banks in the TIA. R1 and C1

create a first order high pass filter which is responsible for filtering out the DC offset and flicker

noise. The Op-Amp is implemented in the same way as that in Fig. 3.29 but scaled down by a

factor of 4. The filter consumes 75uA current.

3.6 Simulation of Proposed Receiver Front-End

Simulation results of the proposed receiver front-end is summarized in Fig. 3.33-3.37. Fig. 3.33

shows the simulated transfer function of the receiver front-end. The receiver front-end achieves

a 52.6dB in-band gain and a -60dB/dec stop-band attenuation. The -1dB cut-off frequency can

be reconfigured between 1MHz and 2.1MHz.

Fig. 3.34 shows the simulated noise figure of the receiver front-end. The integrated double-

side-band noise figure over the signal bandwidth (200KHz-1.4MHz) is 2.1dB.

Fig. 3.35 shows the out-of-band IIP3 simulation with two tones placed at [LO+50MHz, LO+99MHz].

Fig. 3.36 shows the out-of-band IIP3 simulation with two tones placed at [LO+10MHz, LO+19MHz].

The two tones in both cases create a third-order intermodulation product folding into the signal

band at 1MHz. Since the tones are attenuated by the filter when measuring at the output, a

normalization factor needs to be taken into account when evaluating IIP3, as described in the

equation below:

IIP3 = PIN +
PO −PO3

2
+

∆A

2
(3.17)

Where ∆A is the difference between the in-band gain and the gain at tone location

After the normalization, an OB-IIP3 of 2dBm and -4dBm is obtained respectively for the two

cases.

Fig. 3.37 shows the compression of in-band signal due to an out-of-band blocker. The blocker

is placed at 50MHz offset. The in-band gain drops by 1dB as the blocker power increases

above -13.5dBm.
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Figure 3.33: Proposed Front-End: Transfer Function
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Figure 3.34: Proposed Front-End: Noise Figure
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Figure 3.35: Proposed Front-End: OB-IIP3 with Two tones @[LO+50MHz, LO+99MHz]
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Figure 3.37: Proposed Front-End: OB-P1dB

The Spurious-Free-Dynamic-Range (SFDR) of the receiver can be calculated from the equa-

tion:

SFDR =
2

3
(IIP3−Noise f loor−NF)−SNRmin (3.18)

The noise floor at the input of the receiver is the integrated 50Ω noise over the signal band

(1.2MHz) and has a value of -113dBm. The minimum required SNR according to the IEEE

802.15.4 standard is 6dB. Plug these parameters along with the simulated IIP3 (2dBm/-4dBm)

and NF (2.1dB) into eqn. 3.18, the SFDR of the receiver front-end is 69/65dB.

Table 3.3 summarizes the simulated performance of the proposed receiver front-end.
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Table 3.3: Simulated Receiver Front-End Performance

Operation Band (MHz) 868/915

Baseband Cut-off Frequency (MHz) 1-2.1

Gain (dB) 52.6

NF (dB) 2.1

OB-IIP3 (dBm) +2/-4

OB-P1dB (dBm) -13.5

SFDR (dB) 69/65

Current (mA) @VDD 2.1 @1.2V
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Measurement Results

4.1 Test Setup

Figure 4.1: Testing Block Diagram

Fig. 4.1 shows the block diagram for lab measurement setup. The FPGA tester (National

Instruments RIO USB-7856R) connects the PCB through a D-type socket and provides digital

48
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control signals for the DUT (chip prototype). The PCB provides the regulated power supplies

and biasing currents for the DUT. The Network Analyzer (R&S ZVH8) measures the input

impedance matching for the LNA. The Vector Signal Generator (R&S SMW200A) feeds the

RF input and LO signal to the PCB through SMA connectors. Finally the Spectrum Analyzer

(R&S FSW) is used for baseband signal measurements including noise figure, linearity and

signal transfer function.

4.1.1 Chip Prototype

Figure 4.2: Proposed Receiver Front-End Die Photo

The proposed receiver front-end chip is fabricated in CMOS 0.13um technology. It occu-

pies 1mm× 1.5mm with an active area of 0.5mm2 (Fig. 4.2). The chip has 28 pins and is

packaged through MOSIS using the open cavity plastic package with a cavity of 5mm×5mm

(OCP_QFN_5x5_28A). The packaged chip prototype is manually soldered on the PCB for

testing.
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4.1.2 Printed Circuit Board

Figure 4.3: PCB Test Boards Photo

Two 4-layer PCBs (Fig. 4.3) are designed using Altium Designer and fabricated to facilitate

chip prototype testing. The top and bottom layers are used for signal routing, and the two

internal layers are used for power and ground planes. The two boards are connected through a

PCIE interface.

The motherboard contains low frequency DC signals such as regulated power supplies, digital

control signals and biasing currents. Digital control signals (capacitor bank control) as well

as voltage references are provided by the FPGA tester and can be controlled by a LabView

GUI on the PC. The regulator provides two adjustable outputs (DVDD and AVDD) for the

digital and analog circuits in the chip respectively. Potentiometers are used to generate ad-

justable biasing currents for the chip prototype. Small resistors are inserted in the power and

biasing current lines and the voltage drop across them are fed back to the FPGA for current

measurements.

The daughterboard contains the chip prototype, baseband outputs, and high frequency signals

such as clock and RF input. The high frequency signal routes are designed as transmission

lines with 50Ω characteristic impedance. Low frequency baseband outputs are connected to

the spectrum analyzer through a differential active probe.
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4.2 Chip Measurements

4.2.1 Input Impedance Matching

The actual input impedance of the LNA is affected by the parasitic capacitance and inductance

introduced by the package and PCB routing. Therefore, external components are used to opti-

mize the input matching for the receiver. A low-pass hi-low matching network is used in this

case, as shown in Fig. 4.4. The S11 measurement (Fig. 4.5) performed on the R&S ZVH8 Net-

work Analyzer shows that good matching (S11<-10dB) is obtained over the desired bandwidth

(868MHz-924MHz).

RFIN Packaged
Chip

18nH

2.2pF

Figure 4.4: Off-chip Matching Network
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Figure 4.5: Measurement: S11
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4.2.2 Transfer Function

The transfer function is measured by placing a fixed LO at 1.83GHz (the on-chip divider

will then divide it to 915MHz) and sweeping the RF input frequency from LO+10KHz to

LO+100MHz. With such setup, the down-converted signal at the I(Q) baseband output will

span between 10KHz and 100MHz, and is displayed on the R&S FSW Spectrum Analyzer for

gain measurements.

Fig. 4.6 shows the measured transfer function. The receiver front-end achieves a 50dB in-band

gain. The 1st order high-pass shape at low frequency is due to the passive high-pass filter

between the TIA and channel selection filter (Fig. 3.1). The stop band achieves a 3rd order

Butterworth filtering profile.

Fig. 4.7 shows the measured transfer function with reconfigurable bandwidth. By setting the

control code of capacitor banks in the TIA (Fig. 3.26) and Channel Selection Filter (Fig. 3.32),

the 1dB cut-off frequency of the receiver can be tuned between 1MHz and 2MHz.
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4.2.3 Noise Figure

The noise figure is measured with the gain method. Recall from (2.2) that NF = SNRin −
SNRout . By rewriting this equation, an equivalent NF as a function of the input noise, output

noise, and gain of the system can be obtained as follows:

NF = Out put Noise− Input Noise−Gain (in dB) (4.1)

The output noise can be found by terminating the RF input with a 50Ω source, powering up the

receiver, and measuring the output noise density at the frequency of interest on the spectrum

analyzer. The input noise is the noise generated from the 50Ω source and has a noise density

of -174dBm/Hz. The gain of the receiver can be obtained from the transfer function which has

already been measured in the previous section. The NF measurement is repeated at different

frequencies and a relationship of NF vs baseband frequency is shown in Fig. 4.8. The integrated

NF over the signal band (0.2-1.4MHz) is 2.7dB. This is obtained by integrating the output noise

over the signal band, referring it back to the input of the receiver, and subtracting it from the

integrated input noise.

To test the NF in the presence of a blocker, the NF was measured with an out-of-band blocker

at [LO+50MHz] and its power swept from -50dBm to -10dBm (Fig. 4.9). The NF is almost
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unchanged for blocker <-30dBm, and the NF is below the specification’s maximum allowable

value (<15dB) for blocker <-11dBm.
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Figure 4.8: Measurement: Noise Figure
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4.2.4 Linearity

Linearity tests measure the out-of-band IIP3, IIP2 and P1dB, and are performed at the maxi-

mum gain. To test the OB-IIP3 of the receiver, two tones are placed at [LO+50MHz, LO+99MHz]

and input to the receiver. These two tones create an intermodulation product IM3 which falls

into the signal band at LO+1MHz. By recording the power of the down-converted fundamental

tones and their intermodulation product in the baseband, and then referring them back to the

input, the OB-IIP3 plot is constructed and shown in Fig. 4.10. The measurement is repeated by

placing two near-band tones at [LO+10MHz, LO+19MHz] and the results is shown in Fig. 4.11.

The measured OB-IIP3 shows +2dBm and -2dBm respectively for these two cases.

For completeness, non-linearity effects due to the second-order distortion is also measured with

out-of-band IIP2 (OB-IIP2) test. The OB-IIP2 test is performed for two scenarios. The first test

is the beat frequency leakage due to the mismatch in the quadrature mixers (low frequency beat

leaks from the RF to BB without frequency translation). To test such effect, two closely-spaced

tones at [LO+10MHz, LO+11MHz] are input to the receiver and an IM2 at 1MHz is measured

in the baseband. The OB-IIP2 in this case is +37dBm (Fig. 4.12). The second test measures

the IM2 product falling into the signal band due to two farther-spaced tones at [LO+10MHz,

2LO+11MHz] (which create an IM2 at LO+1MHz), and an OB-IIP2 of +35dBm is obtained in

this case (Fig. 4.13). According to the specification, the near band interferer at LO+10MHz is

-62dBm. If a 10dB in-band SNR degradation due to IM2 is allowed, the measured IIP2 value

allows the receiver to handle a -6dBm out-of-band blocker (which is above the compression

point of the system).

The out-of-band P1dB (OB-P1dB) is measured by sweeping the power of an out-of-band

blocker until the in-band gain was compressed by 1dB. This test is repeated by placing the

blocker at different offset frequencies from the LO and the result is shown in Fig. 4.14. The

receiver front-end exhibits a high blocker tolerance. The P1dB is as high as -18dBm even at a

near-band offset frequency (10MHz), and it further increases to -10.5dBm as the blocker offset

frequency increases to 100MHz.
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Figure 4.10: Measurement: OB-IIP3 with Two tones @[LO+50MHz, LO+99MHz]
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Figure 4.11: Measurement: OB-IIP3 with Two tones @[LO+10MHz, LO+19MHz]
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Figure 4.12: Measurement: OB-IIP2 with Two tones @[LO+10MHz, LO+11MHz]
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Figure 4.13: Measurement: OB-IIP2 with Two tones @[LO+10MHz, 2LO+11MHz]
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4.2.5 Performance Summary and Comparison

Table 4.1: Performance Comparison with the State-of-the-art Works

This Work JSSC 2014[5] MTT 2006[27] CICC 2012[28] RFIC 2014[29]

Technology (nm) 130 65 180 180 130

Active Area (mm2)
Low-IF

Single-ended LNA

Low-IF

Single-ended LNA

DCR

Single-ended LNA

DCR/Low-IF

Differential LNA

Low-IF

Differential LNA

Frequency (MHz) 868/9151 433/860/915/9601 9151 170/433/868/915/950 960

BW (MHz) 1.2 1.2 1.2 0.001 1.24

Gain (dB) 50 50 30 39 59.6

NF (dB) 2.7 8.1 3 6.5 8.2

OB-IIP3 (dBm) +2/-2 -20.5 -52 -82 -19

OB-IIP2 (dBm) +37/+35 - +452 - -

OB-P1dB (dBm) -10.5 -23 -152 - -

SFDR (dB)3 69/66 50 642 742 514

Supply (V) 1.2 0.5 1.8 1.8 1.2

Current (mA) 2.15 15 2 2.3 2.65

1 IEEE 801.15.4 standard
2 In-band linearity test with minimum gain setting
3 SFDR = 2/3(IIP3−Noise Floor−NF)−SNRmin
4 Standard unspecified, number derived based on IEEE 801.15.4 standard
5 Including a clock divider

Due to the limited number of existing works in sub-GHz receiver design and the lack of de-

scription in their measurement setups (especially for linearity tests), it is challenging to present

a comprehensive comparison of this work with the state-of-the-art. To the best of the author’s

knowledge, previous works with the most comprehensive measurement results are reported in

Table 4.1. Compared to [5], this work consumes more power but achieves a much better per-

formance in both noise and linearity. A similar noise figure was reported in [27], however, its

out-of-band linearity tests were not provided, and its in-band linearity tests were performed

with minimum gain setting. In [28], comparable power consumption leads to a much higher

noise figure in a channel bandwidth 100 times smaller. Such small bandwidth significantly

enhances the sensitivity resulting in a high SFDR. Finally the solution presented in [29] did

not provide the information regarding the specification, therefore its SFDR was derived based

on the IEEE 802.15.4 specification for a fair comparison. Overall, the benefits of the proposed

class-AB receiver show the best noise figure and a much higher blocker tolerance compared to

the state-of-the-art with a competitive power dissipation.
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Conclusion

5.1 Summary

This thesis presents the design of a low power high SFDR sub-GHz RF receiver front-end.

The design exploited the class-AB biasing in both the RF and baseband sections, resulting in

a very low sensitivity and an excellent blocker tolerance. The receiver front-end is fully com-

pliant with the IEEE 802.15.4 standard, and its excellent sensitivity performance also makes

it suitable for the emerging long-range applications. The test-chip was fabricated in 0.13um

CMOS technology to validate the performance of the proposed receiver front-end design. The

receiver front-end operates at the 868/915MHz ISM band and consumes 2.1mA from a 1.2V

supply. Measurement results show that the design achieves a 50dB in-band gain, 2.7dB in-

band Noise Figure, +2dBm OB-IIP3, +35dBm OB-IIP2, and -10.5dB OB-P1dB. Compared

with previous IEEE 802.15.4-compliant state-of-the-art works, this work achieves the lowest

noise figure, highest blocker tolerance, and highest dynamic range with competitive power

consumption.

5.2 Future Work

The RF receiver front-end presented in this thesis is only part of the whole receiver system.

To complete the receiver chain, the Variable Gain Amplifier (VGA) with automatic gain con-

trol, and the ADC after the front-end blocks should also be included. In addition, an on-chip

voltage-controlled oscillator (VCO) should be designed to generate the LO for quadrature mix-
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ers. No special care was taken to optimize the 25% duty-cycle divider and the clock buffers.

Therefore, the power dissipation in these circuits can be further reduced. Finally, the scope of

the project can be extended to the digital domain to investigate the design of IQ recombination

circuits and digital filters.



Bibliography

[1] A. Liscidini, “Fundamentals of Modern RF Wireless Receivers,” IEEE SOLID-STATE

CIRCUITS MAGAZINE, pp. 39–48, 2015.

[2] Q. Gu, RF System Design of Tranceivers for Wireless Communication. Springer, 2006.

[3] H.C. Luong, J. Yin, Transformer-Based Design Techniques for Oscillators and Frequency

Dividers. Switzerland: Springer International Publishing, 2016.

[4] A. Selvakumar, M. Zargham, A. Liscidini, “A 600 uw bluetooth low-energy front-end

receiver in 0.13 um cmos technology,” IEEE ISSCC, pp. 244–245, 2015.

[5] Z. Lin, P.I. Mak, R.P. Martins, “A Sub-GHz Multi-ISM-Band ZigBee Receiver Using

Function-Reuse and Gain-Boosted N-Path Techniques for IoT Applications,” IEEE JSSC,

vol. 49, no. 12, pp. 2990–3004, Dec. 2014.

[6] J. P. Bardyn, T. Melly, O. Seller and N. Sornin, “IoT: The era of LPWAN is starting now,”

ESSCIRC Conference 2016: 42nd European Solid-State Circuits Conference, Lausanne,

pp. 25–30, 2016.

[7] “IEEE Standard for Low-Rate Wireless Networks,” IEEE Std 802.15.4-2015, 2015.

[8] S. Farahani, ZigBee Wireless Networks and Transceivers. Newnes, 2008.

[9] C. W. C. Peng, K. Qian, “Design and Application of a VOC-Monitoring System Based

on a ZigBee Wireless Sensor Network,” IEEE SENSORS JOURNAL, vol. 15, no. 4, pp.

2255–2268, Apr. 2015.

[10] B. Razavi, RF Microelectronics, 2nd ed. Upper Saddle River, NJ: Prentice Hall, 2011.

[11] R. Schreier and G. C. Temes, Understanding Delta-Sigma Data Converters. Piscataway,

NJ: IEEE Press, 2005.

62



BIBLIOGRAPHY 63

[12] M. Yoshioka, K. Ishikawa, and K. Takayama, “A 10b 50MS/s 820uW SAR ADC with

On-Chip Digital Calibration,” IEEE ISSCC, pp. 384–385, Feb. 2010.

[13] M. Ramella, I. Fabiano, D. Manstretta, R. Castello, “A SAW-Less 2.4-GHz Receiver

Front-End With 2.4-mA Battery Current for SoC Coexistence,” IEEE JSSC, vol. 52, no. 9,

pp. 2292–2305, Sep. 2017.

[14] C. Yu, I. Lu, Y. Chen, L. Cho, C. Sun, C. Tang, H. Chang, W. Lee, S. Huang, T. Wu, C.

Chiu, G. Chien, “A SAW-Less GSM/GPRS/EDGE Receiver Embedded in 65-nm SoC,”

IEEE JSSC, vol. 46, no. 12, pp. 3047–3060, Dec. 2011.

[15] D. Murphy et al., “A Blocker-Tolerant, Noise-Cancelling Receiver Suitable for Wideband

Wireless Applications,” IEEE JSSC, vol. 47, no. 12, pp. 2943–2963, Dec. 2012.

[16] Z. Lin, P.I. Mak, R.P. Martins, “A 0.14-mm2 1.4-mW 59.4-dB-SFDR 2.4-GHz Zig-

Bee/WPAN Receiver Exploiting a "Split-LNTA + 50% LO" Topology in 65-nm CMOS,”

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, vol. 62, no. 7,

pp. 1525–1534, Jul. 2014.

[17] H. Khatri, L. Liu, T. Chang, P. Gudem, L. Larson, “A SAW-less CDMA receiver front-

end with single-ended LNA and single-balanced mixer with 25% duty-cycle LO in 65nm

CMOS,” IEEE RFIC, pp. 13–16, 2009.

[18] F. Gatta, E. Sacchi, F. Svelto, P. Vilmercati, R. Castello, “A 2-dB Noise Figure 900-MHz

Differential CMOS LNA,” IEEE JSSC, vol. 36, no. 10, pp. 1444–1452, Oct. 2001.

[19] S. Chehrazi, A. Mirzaei, and A. Abidi, “Noise in current-commutating passive FET,”

IEEE TCAS. I, Reg. Papers, vol. 52, no. 2, pp. 332–344, 2010.

[20] D. Leenaerts and W. Readman-White, “1/f noise in passive CMOS mixers for low and

zero IF receivers,” in Proc. Eur. Solid-State Circuits Conf., pp. 41–44, 2001.

[21] S. Chehrazi, A. Mirzaei, and A. Abidi, “Second-order intermodulation in current-

commutating passive FET mixers,” IEEE TCAS. I, Reg. Papers, vol. 56, no. 2, pp. 2556–

2568, Dec. 2009.

[22] S. Zhou and M. F. Chang, “A CMOS passive mixer with low flicker noise for low-power

direct-conversion receiver,” IEEE JSSC, vol. 40, no. 5, pp. 1084–1093, May 2005.



BIBLIOGRAPHY 64

[23] A. Mirzaei, H. Darabi, J. Leete, Y. Chang, “Analysis and Optimization of Direct-

Conversion Receivers With 25% Duty-Cycle Current-Driven Passive Mixers,” IEEE

TCAS. I, Reg. Papers, vol. 57, no. 9, pp. 2353–2366, Sep. 2010.

[24] M. Sosio, A. Liscidini, R. Rinaldo, “An Intuitive Current-Driven Passive Mixer Model

Based on Switched-Capacitor Theory,” IEEE TCAS. II, EXPRESS BRIEFS, vol. 60, no. 2,

pp. 66–70, Feb. 2013.

[25] I. Fabiano, M. Sosio, A. Liscidini, R. Castello, “SAW-Less Analog Front-End Receivers

for TDD and FDD,” IEEE JSSC, vol. 48, no. 12, pp. 3067–3079, Dec. 2013.

[26] T. Liu, A. Liscidini, “A 1.92mW Filtering Transimpedance Amplifier for RF Current

Passive Mixers,” IEEE ISSCC, pp. 358–359, Feb. 2016.

[27] T.-K. Nguyen, N.-J. Oh, V.-H. Le, and S.-G. Lee, “A Low-power CMOS Direct Conver-

sion Receiver with 3-dB NF and 30-kHz Flick-Noise Corner for 915-MHz Band IEEE

802.15.4 ZigBee Standard,” IEEE Tran. Microw. Theory Tech., vol. 54, no. 2, pp. 735–

741, Feb. 2006.

[28] C. Yeh, H. Hsieh, P. Xu, S. Chakraborty, “Multi-band, multi-mode, low-power cmos

receiver front-end for sub-ghz ism/srd band with narrow channel spacing,” IEEE CICC,

2012.

[29] R. Srinivasan, Wei-Gi Ho, T. Forbes, R. Gharpurey, “A 2-stage recursive receiver opti-

mized for low flicker noise corner,” IEEE RFIC Symp Dig., pp. 47–55, 2014.


