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µNode is a sensor node using a single chip radio. It can serve as a node to form a 

wireless sensor network. This node requires a small form factor, low power and low 

cost.  

Due to its low cost and easy integration, on-chip antennas in CMOS processes 

have been studied over last 15 years. Simulations suggest that a 1-cm on-chip antenna 

covered by dielectric material with dielectric constant equal to 4 can form a wireless 

communication link at 2.4 GHz with a useful distance of 20 m. On-chip antennas are 

also less sensitive to surrounding objects compare to off-chip antennas especially when 

a nearby silicon chip is considered. This is important for a small form factor radio such 

as µNode. 

A technique for integrating a wireless switch to turn an M&MTM sized radio on or off 

is demonstrated using a 130-nm digital CMOS process. The switch circuit like a passive 

radio frequency identification system picks up an amplitude-modulated 5.8-GHz carrier 

and converts it to DC to power up a portion of radio connected to a coin-cell battery. 

The radio uses a 2.4/5.8 GHz dual band antenna. This wireless switch is added 
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between the antenna and transmit/receive (T/R) switch of the radio. By incorporating an 

impedance transformation network, the wireless switch input sensitivity is reduced to ~-

13 dBm. Inclusion of this circuit degrades the maximum transmitted power and 

sensitivity of 2.4-GHz transceiver by ~0.3 - 0.5 dB. An RF clamp of wireless switch also 

limits the input power above ~12 dBm to protect the switch and transceiver. The 

wireless switch occupies an area of ~0.24 mm2. 

Approaches to reduce power consumption and area are incorporated into a 2.4-

GHz receiver front-end incorporating a phase locked loop (PLL). The 2.4-GHz PLL 

using a relaxation voltage-controlled oscillator achieves phase noise of -92.8 dBc/Hz at 

1-MHz frequency offset. The LO driver and mixer are co-optimized for gain, noise figure 

and power consumption. The front-end occupies an active area of 0.12 mm2 and 

achieves voltage conversion gain of 40 dB, noise figure of 9.2 dB at 1-MHz intermediate 

frequency while consuming only ~3.5 mW. 
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CHAPTER 1 
INTRODUCTION 

Motivation 

With the rapid evolution of wireless communication industry over the last few 

decades, research on wireless communication circuits and systems has received a 

great deal of attention. This has fueled a strong drive for high performance radio 

frequency (RF) integrated circuits (IC’s) in silicon process, especially complementary 

metal oxide semiconductor (CMOS) technology, due to its low cost and high level of 

integration. Figure 1-1 shows conceptual diagrams of a radio with ultimate integration 

called µNode [1]-[12]. It integrates antennas, RF circuits, analog baseband circuits, 

digital baseband and control circuits, and an on-chip reference. This CMOS system-on-

chip (SoC) device can serve as a node to form a wireless sensor network. Figure 1-2 

shows some examples of wireless sensor network applications. 

A version operating at 24 GHz that could be packaged with a battery in a volume 

with the size of an M&MTM candy as shown in Figure 1-3 has been proposed [1]-[12]. 

This high operating frequency resulted in high power consumption that increased the 

size of a battery. This in turn limited system size and operation life time. 

 
 

Figure 1-1.  Conceptual diagrams of µNode systems. 
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Figure 1-2.  Wireless sensor network applications. 

 
 

Figure 1-3.  µNode device size. 

To make the node more power efficient, approaches to lower the operating 

frequencies are being investigated. Lowering the frequency from 24 GHz down to 2.4 

GHz gives several advantages. For instance, the power consumption of entire system 

can be reduced by a factor of ~3 and the communication range can be increased by a 
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factor of ~3-4 due to lower path loss at 2.4 GHz for a given transmitted power level [12]. 

Longer communication range reduces the node density for a given area which 

eventually leads to lower system cost. 

Like the vision from the previous research, the package size target of this new 

µNode is still that of an M&MTM candy. A major challenge is to reduce the size of an 

antenna operating at 2.4 GHz. Since the wavelength is longer at lower operating 

frequencies, it is challenging to realize an antenna which can fit inside the µNode 

package while still providing useful performance. Furthermore, it is difficult to power up 

each node individually by flipping a mechanical switch because of the small form factor. 

A subsystem which can rapidly turn on many of nodes simultaneously is thus 

necessary. 

Research Goals 

Simplified radio architecture of µNode system is shown in Figure 1-4. This new 

system architecture consists of an antenna, a wireless switch for powering up the 

circuit, a transceiver front-end (transmitter and receiver chains), a frequency generator, 

a demodulator and a baseband processor. This new system employs only one antenna 

to reduce the chip area and, thus, makes the system more compact. The goals for this 

new µNode system research are realizing compact antennas, developing a technique of 

integrating wireless switch, and lowering the overall power consumption of RF 

subsystems. 

Due to the small form factor of µNode, a compact antenna that can fit inside the 

package while achieving useful performance at 2.4 GHz is important. Investigation of 

off-chip and on-chip antenna characteristics at that frequency is thus required. Figure 1-
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5 shows samples of off-chip and on-chip antennas which will be investigated in this 

research. 

 
Figure 1-4.  Simplified radio architecture of µNode system. 

 
 

Figure 1-5.  Off-chip and on-chip antennas. 

Since a µNode system requires post fabrication calibration [13], [15], ability to turn 

the battery power on and off is required. As mentioned before, it is difficult to place a 

physical switch into a small package such as µNode. Therefore, the concept of wireless 

switch has been proposed to accomplish this function. Figure 1-6 shows a conceptual 



 

19 

diagram of a non-contact switch to turn on single chip radios [16]. It consists of an input 

matching network, rectifying element, low-pass filter & regulator and a switch & control 

circuit. This wireless switch is added at the node between the antenna and the 

transceiver front-end. Incorporation of the wireless switch function should utilize as 

much of the infrastructure available in the single chip radio while not significantly 

degrading the performance of a main radio link. 

 
 

Figure 1-6.  Conceptual diagram of non-contact switch. 

Finally, the disposable M&MTM sized sensor node is powered by a coin-cell 

battery. Because of this, both the peak and average power consumption of the wireless 

transceiver limit the lifetime and applications. Lowering the power consumption of the 

transceiver is another critical challenge. For this, a low-power 2.4-GHz receiver front-

end design is studied. 

Organization of the Dissertation 

Chapter 2 reviews the wireless receiver basics. The overviews of receiver 

architectures are presented. Then, 2.4-GHz µNode system is introduced. Chapter 3 

discusses the characteristics of two major types of antennas: off-chip and on-chip 

antennas. The antenna studies are done through simulations and measurements under 

several conditions and in different operating frequencies. The effects of surrounding 

objects on antenna performance are also investigated, especially when the small form 
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factor like µNode is considered. Finally, suggestion for an on-chip antenna that can 

satisfy µNode requirement is discussed. Chapter 4 discusses the design and 

characterization of wireless switch circuit. In this chapter, the general design techniques 

of dual band and operation modes for wireless switch as well as key parameters for 

wireless switch design are described. Design and optimization of Schottky barrier 

diodes (SBD) used in the RF-to-DC converter of wireless switch are also discussed. 

Chapter 5 presents the low power CMOS receiver front-end design. The 2.4-GHz 

receiver prototype incorporating with a phase-locked loop (PLL) is also presented. 

Important design issues and techniques for reducing the power consumption of receiver 

front-end are discussed. Finally, Chapter 6 summarizes the overall research. 

Conclusions for three major research goals for making µNode concept practical are 

given. Then, suggested future works are discussed. 
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CHAPTER 2 
2.4-GHZ µNODE SYSTEM  

Sensitivity and selectivity are the two fundamental figures of merit for the receiver 

and are dependent on various figures of merit of sub-blocks such as noise, linearity and 

gain distribution. Also, these two parameters are directly related to the dynamic range of 

receiver. This chapter reviews basic parameters which are important for wireless 

receiver design and also discusses two major types of receiver architecture: heterodyne 

and homodyne receivers. Following this, the system for 2.4-GHz µNode is presented. 

Wireless Receiver Basics 

Sensitivity 

Sensitivity is defined as the minimum signal power level at the receiver input that 

leads to receiver output with sufficient signal-to-noise ratio (SNR). The overall sensitivity 

is related to the noise figure of receiver which is mainly impacted by the noise 

performance of individual blocks as well as the gain distribution in the receiver chain. 

The noise figure (F), is defined as a ratio between the SNR at the input and the SNR at 

the output of the system. This measures the degradation of SNR as the signal is 

processed through the system. 

Output

Input

SNR
SNR

F ≡ ,             (2-1) 

)log(10)( FF dB ≡ .            (2-2) 

Noise figure is calculated in reference to the specified source impedance and the 

temperature (T) in ºK. In standard communication systems, typical values are Rs = 50 Ω 

and T = 293 K. For a circuit such as an amplifier with power gain (G), input signal 

power, Pin, and the input noise power, Nin, the noise factor is 
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where Nadd,in is the input-referred added noise from the amplifier. In a system 

consisting of n-stages, for the given noise figure and gain of individual blocks, the 

overall noise figure can be calculated using the Friis equation [18]-[20], 

n

n
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F

GG
F

G
FFF

⋅⋅⋅
−

++
−

+
−

+=
2121

3

1

2
1

1...11 .         (2-4) 

Noise figure of each stage is calculated with respect to the output impedance of 

the preceding stage. Equation (2-4) indicates that the overall noise figure of a system is 

determined by the first few stages, if there is sufficient gain to suppress the noise 

contributions from the following stages. Therefore, the first building block in a receiver 

must exhibit low noise and must have at least moderate gain. This block is usually 

called a low-noise amplifier (LNA).  

There is a direct relationship between the noise figure and the sensitivity of the 

receiver. Sensitivity can be calculated in terms of noise floor and the required SNR at 

the input set by top-level specifications such as modulation techniques, bandwidth and 

the maximum bit error rate (BER) or package error rate (PER) which are usually fixed 

for a given application. Therefore, the sensitivity is 

)()()( )log(10/174)( dBindBdB SNRBWFHzdBmdBmySensitivit +++−= ,     (2-5) 

where BW is the bandwidth of the communication channel. The first three terms on the 

right-hand side define the “noise floor” of system where -174dBm/Hz is the available 

noise power from the source resistance at room temperature. SNRin(dB) is the input-

referred signal-to-noise ratio. All terms used in this equation are expressed in dB scale. 
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Selectivity 

Receiver selectivity is a measure of the ability to separate desired signals from 

unwanted or interfering signals. This becomes critical in a near-far situation where the 

desired signal is weak and there is a strong adjacent-band/channel interfering signal at 

the receiver input. The selectivity of receiver is related to many metrics of individual 

blocks in the system such as linearity and gain distribution along the receiver chain. In 

contrast with the noise figure discussed above, higher gain in early stages can place a 

tighter constraint for the linearity of subsequent stages in a receiver chain [19], [20]. 

Hence, this leads to the design trade-off. Furthermore, power consumption is also 

another important metric to be considered for a receiver. Normally, the noise 

performance and linearity of a receiver improve with the power consumption. Therefore, 

there is additional trade-off including power consumption for portable applications in 

which low power consumption is critical.  

Before going through more details about the receiver selectivity, blocking or 

desensitization effect is another important factor to be considered. Circuits exhibit an 

interesting effect when processing a weak desired signal along with a strong interferer 

(called “blocker”). The large signal can reduce the gain of the circuits so the weak, 

desired signal experiences a reduced gain. This effect can be analyzed by assuming 

the system which can be described by 

)()()()( 3
3

2
21 txtxtxty ααα ++≈ .           (2-6) 

The desired signal along with a strong blocker can be expressed as 

)cos()cos()( 2211 tAtAtx ωω += ,          (2-7) 

where A2 represents the amplitude of the blocker and A2>>A1. The system output is 
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⋅⋅⋅+





 += )cos(

2
3)( 11

2
231 tAAty ωαα .          (2-8) 

It is clear that the desired signal is amplified by the gain which can drop to zero if α3 < 0 

and A2 is sufficiently large. Thus, the desired signal is blocked and the circuits are 

desensitized.  

The useful measure of receiver selectivity is the third-order intermodulation, 

products from a two-tone test. In some types of receivers, especially direct-conversion 

and low-intermediate frequency (IF) receivers, second-order intermodulation (IM2) 

products need to be considered as well. A problem associated with the third-order 

intermodulation arises from two out-of-channel signals passing through nonlinear blocks 

and creating unwanted signals whose frequencies are close to that of the desired 

signal. Assuming these two sinusoidal interfering signals with different frequencies, 

xint(t)=A1cosω1t+A2cosω2t, are applied to a nonlinear system. The third-order 

nonlinearity in equation 2-6 can be expressed as 

( ) [ ]

[ ]

3 3
3 3 1 3 2

3 int 1 1 2 2

2
3 1 2

1 2 1 2 1

2
3 1 2

2 1 2 1 2

( ) cos 3 3cos( ) cos(3 ) 3cos( )
4 4

3 2cos( ) cos(2 ) cos(2 )
4

3 [2cos( ) cos(2 ) cos(2 ) ]
4

A Ax t t t t t

A A t t t

A A t t t

α αα ω ω ω ω

α ω ω ω ω ω

α ω ω ω ω ω

= + + + +  

+ − + + +

+ − + +

.     (2-9) 

If the two-tone signals are placed adjacent to each other, some of the third-order 

intermodulation (IM3) products will lie close to ω1 and ω2. If the desired channel is in the 

vicinity of either 2ω2-ω1 or 2ω1-ω2, the wanted signal will experience this interference. 

This causes serious problems when frequency spectrum is shared. Compared to the 

linear component at output, an IM3 product increases at three times the rate in a log-

linear plot. 
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The third-order intercept point (IP3) is defined as the intersection of the two lines, 

and the corresponding input voltage amplitude, AIP3, is 

3

1
3 3

4
α
α

=IPA .           (2-10) 

For a cascade system, the overall AIP3 depends on the nonlinearity of every block and 

gain distribution. This can be expressed by [19] 
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where AIP3,k and βk are the voltage IP3 and voltage gain for the block k, respectively. 

From this equation, it is evident that if the earlier stages have more gain, more 

constraints will be placed on the linearity of later stages. 

Dynamic Range 

Dynamic range (DR) is generally defined as the ratio of the maximum input level 

that a circuit is linear to the minimum input level at which the circuit provides reasonable 

signal quality. The meaning of reasonable quality differs from application to application. 

For a receiver system, a commonly used method is to define the upper limit of dynamic 

range to be the input power level at which the IM3 product at the output is equal to the 

noise floor, and the lower limit to be the sensitivity. Such definition is called the 

“spurious-free dynamic range” (SFDR) [19]. Then, the maximum linear input level is 

3
2 3

max,
FloorNoiseP

P IIP
in

+
= ,         (2-12) 

where Pin,max and PIIP3 denote the maximum input power and input power at the third-

order input intercept point (IIP3), respectively, and Noise Floor = -174 dBm/Hz + F(dB) + 

10log(BW)(dB). SFDR is the difference (in dB) between Pin,max and Pin, min, 
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Receiver Architecture Overview 

In present, there are several receiver architectures such as heterodyne, 

homodyne, image-reject, digital IF and subsampling receivers. However, few of them 

are used in actual products [19]. This section briefly reviews two important and popular 

receiver architectures, heterodyne and homodyne receivers. There are several trade-

offs between these two architectures. 

Heterodyne Receiver 

The heterodyne architecture is well known for its superior sensitivity and selectivity 

compared to other architectures [19]. The basic block diagram of this receiver is shown 

in Figure 2-1. After picked up by the antenna, the received signal passes through a 

band select filter which removes out-of-band signals. An LNA amplifies the received 

signal while contributing less additional noise from itself. An image-reject filter 

attenuates the image signals. An RF mixer down-converts RF signal to lower or 

intermediate frequency. A channel select filter attenuates out-of-channel signals. An IF 

mixer down-converts IF signal to baseband. A variable gain amplifier (VGA) amplifies 

this baseband while a low-pass filter (LPF) selects the final baseband output. 

 
 

Figure 2-1.  Heterodyne receiver architecture. 
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The superior selectivity of heterodyne architecture is due to the benefits from the 

inclusion of the IF stage. However, it requires several functional blocks and some of 

them are hard to be integrated on-chip due to the high quality factor (Q) requirement for 

the passive component. The need for extra blocks increases cost, power consumption 

and system size. 

Homodyne Receiver 

Figure 2-2 shows a basic block diagram for the homodyne receiver. It requires 

only one mixer and one local oscillator (LO) for down-converting RF signal to baseband. 

The signal is directly down-converted to baseband (or near baseband) by matching the 

LO frequency to the center frequency of the RF input signal. This is also called “direct 

conversion” or “low-IF conversion”. Since the channel is filtered at the baseband, it is 

possible to implement this filter as a high-order on-chip low-pass filter. This architecture 

is well suited for monolithic integration. 

 
 

Figure 2-2.  Homodyne receiver architecture. 

A homodyne receiver, however, has some serious problems which are not present 

in a heterodyne receiver. One major problem is the direct current component or DC 

offset. Because the signal is now mixed directly to baseband or DC, any DC offset in the 

receiver path can corrupt the desired signal or saturate the signal path. The origin of DC 
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offset is from a self-mixing mechanism of the LO signal and its leakage or a strong 

interferer and its leakage [19]. This unwanted DC offsets can be removed by placing an 

coupling capacitors at the mixer output. This may impact the bit-error-rate, since the 

signal energy at the DC will be removed. Applicability of this technique highly depends 

on the system specification. For instance, in a high-bandwidth system such as wireless 

local area networks (WLANs), the pole of high-pass filter can be set relatively high 

without significantly degrading SNR. Techniques of reducing the DC content of signal 

through coding or redefinition of the baseband signal can also be used to alleviate this 

problem. 

Another serious concern in a homodyne receiver is the flicker noise or 1/f noise 

problem. Since the spectrum of down-converted signal extends to zero frequency, the 

1/f noise of the devices can substantially corrupt the signal. This is a severe problem, 

especially for CMOS circuits. The effect of flicker noise can be reduced by a 

combination of several techniques such as increased gain at the RF stage, larger 

device size for the stages following the mixer to minimize the magnitude of the flicker 

noise and using a passive mixer instead of an active mixer. 

2.4-GHz µNode System Overview 

A µNode is a low data rate and low power communication system. Figure 2-3 

shows a simplified µNode transceiver block diagram. Unlike the previous 24-GHz 

transceiver [1]-[11], this 2.4-GHz µNode utilizes homodyne architecture for both receiver 

and transmitter chains so the number of building blocks and the power consumption in 

RF subsystem can be reduced. This radio utilizes only one antenna for both receiver 

and transmitter to minimize the overall chip area. Lowering the operating frequency from 

24 GHz down to 2.4 GHz increases the communication range due to smaller path loss. 
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This lowers the overall power consumption of the RF subsystem while maybe 

sufficiently high to allow integration for the necessary components. 

Due to a small form factor, a wireless switch is introduced to provide the capability 

to turn the system on and off by using RF signal. This signal can be from an external 

source such as that used in a passive radio frequency identification (RFID) where the 

external RF power source can be placed very close to the node (~5 cm or less). The 

most important thing for the wireless switch is that its integration will not significantly 

degrade the main transceiver performance. Therefore, the dual-band approach for the 

wireless switch integration is proposed. More specifically, the wireless switch operates 

at 5.8 GHz while the main transceiver operates at 2.4 GHz. More details for the wireless 

switch as well as the dual-band operation modes are presented in Chapter 4. 

 
 

Figure 2-3.  Simplified µNode transceiver block diagram. 
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The receiver front-end consists of a matching network followed by I-Q mixers and 

low noise amplifiers (LNAs) to form a quadrature demodulator. This utilizes a passive 

receiver front-end configuration in order to improve the linearity as well as to eliminate 

the power consumption of LNAs operating at RF frequency. The noise figure of this 

structure tends to be higher than that of the traditional front-end which has an LNA as 

the first stage. However, with careful design of the matching network, mixers and buffer, 

the noise performance of this front-end can be maintained within the acceptable range. 

After passing through the baseband LNAs, down-converted signals are filtered by low 

pass filters (LPFs), amplified again by the variable gain amplifiers (VGAs) and then fed 

through a baseband demodulator consisting of 5-bit analog-to-digital converter (ADC), 

timing recovery & demodulator and a microprocessor. 

On the transmitter side, baseband I and Q signals are modulated to 2.4 GHz, 

implementing a minimum-shift keying (MSK) constant envelope phase-shift modulation 

[4]-[6]. The modulated signal is directly fed to a power amplifier (PA) followed by the 

matching network and an antenna to transmit the signal. Since a µNode system does 

not require a stable crystal-based frequency reference, an on-chip frequency reference 

incorporated with a 2.4-GHz-frequency synthesizer provides the reference frequency. 

Although this on-chip reference tends to have poor phase noise and larger frequency 

offset, the Direct Sequence Spread Spectrum (DSSS) differential chip detection (DCD) 

can be used to mitigate this problem as in the previous µNode system [10]. 

In this µNode version, the data rate of 100 kbps which is the same as previous 24-

GHz µNode [10] is used. With the reduced processing gain (Gp) of 256, the required 

energy per bit to noise power spectral density ratio (Eb/No) to achieve bit error rate 
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(BER) of 10-4 is ~14 dB [21]. Table 2-1 summarizes the link analyses for this 2.4-GHz 

µNode system. The communication range target for node-to-node communication at 2.4 

GHz is expected to be ~20 m. Although, the free space path loss at 2.4 GHz is 100 

times lower than that at 24 GHz, the performance of compact antennas such as on-chip 

monopoles and dipoles are dramatically degraded. Hence, the communication range 

target is only 4 times instead of 10 times longer. This communication range is still 

sufficient for a wide variety of applications and the density of nodes can be reduced for 

lower system cost. 

Table 2-1. Link analysis summary for 2.4-GHz µNode systems 
Parameters Value Unit 

Operating Frequency 2.4-2.5 GHz 
Architecture Direct Conversion  
Modulation Scheme O-QPSK (MSK)  
Coding DSSS DCD  
# of Channels 1  
# of Antennas 1  
Range (N-to-N) 20 m 
Path Loss 66 dB 
Data Rate 100 kbps 
Eb/No for Demodulation 14 dB 
Thermal Noise -174 dBm/Hz 
RX Noise Figure 10 dB 
TX Output Power 7 dBm 
RX Input Power -87 dBm 
Sensitivity -100 dBm 
Link Margin 13 dB 
Supply Voltage 1.1 V 
Power Consumption 10 mW 
Life Time >1 year 

 

Summary 

This chapter gives an overview of the proposed communication system for the 2.4-

GHz µNode. This system employs a direct- conversion architecture for both transmitter 
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and receiver. A wireless switch is incorporated into the system to provide the ability to 

remotely turn the system on and off. The operating frequency of wireless switch is 

chosen to be 5.8 GHz to prevent the loading effect on the main transceiver. With the 

lower operating frequency, this µNode system can have longer communication range, 

lower power consumption and lower density of nodes; hence, lower network cost. 

 



 

33 

CHAPTER 3 
ANTENNA CHARACTERISTICS 

An antenna is a key element in wireless communication systems. It converts 

electromagnetic waves into electrical currents and vice versa [22], [23]. The 

performance of antennas can be characterized by various parameters such as input 

impedance, antenna gain and radiation pattern. These parameters are related to each 

other, and depend on the physical dimensions and operating frequency. Typically, 

physical size should be on the order of a wavelength, (i.e. half-wave for a dipole 

antenna, quarter-wave for a monopole antenna over infinite ground plane) [22], [23]. 

Thus, the size of antenna is directly dependent on its operating frequency. This 

indicates that, as the operating frequency is lowered, the antenna size should become 

larger. As can be seen in the equation below, at lower operating frequencies, a longer 

communication range can be achieved, if the performance of the antennas can be kept 

the same as those at higher operating frequencies [1], [3], [7], [8]. 
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Ga is the antenna pair gain that can be measured by de-embedding the mismatch 

loss of a pair of antennas. Unfortunately, for a radio which requires a small form factor, 

a large antenna is not suitable. Reducing the antenna size below the natural resonant 

length can dramatically degrade the antenna performance. Several approaches [27]-

[31] have been presented to minimize the antenna size especially at lower operating 

frequencies. Therefore, compact antenna design for very low operating is challenging. 

The previous µNode efforts [1]-[11] have already shown that use of a 3-mm long 

on-chip antenna is possible at 20-24 GHz. This makes an M&M™ candy size feasible. 
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However, for the new µNode, due to its low operating frequency at 2.4 GHz, the 

physical size of antenna is a concern. Therefore, more studies of on-chip antennas, 

especially at lower operating frequencies are necessary. 

This chapter begins with an overview of monopole antenna basics as well as an 

investigation of the off-chip antennas. Then, studies of on-chip antenna characteristics 

at lower operating frequencies by 3-D electromagnetic field simulations and antenna 

measurements using a mobile probe station are presented. The limitation of this 

antenna measurement setup is also discussed. The effects of surrounding objects 

nearby the antenna especially when the antennas are placed inside the µNode package 

are investigated. Finally, based on antenna simulations, suggestion of an on-chip 

antenna incorporating with the µNode package that can satisfy system requirement is 

presented. 

Monopole Antenna Overview 

A monopole antenna is well known for its simplicity and compact size. Typical 

monopole antennas are “Omni directional” which means it can transmit and receive 

signals from all around. A monopole antenna [22], [23] acts as a dipole with twice the 

length when there is an infinite perfect ground plane underneath. However, it is 

impossible to achieve such a ground plane in reality. Therefore, the effects of finite 

ground plan on monopole antennas have been extensively studied [32]-[36]. 

In the presence of a perfect ground plane, the current (Imon) and charges on the 

monopole antenna are the same as those on the upper half of a dipole (Idip). Because 

the electric field of both antennas is the same but the length of monopole antenna is 

half, the voltage on monopole (Vmon) is half of the voltage of dipole (Vdip). Therefore, the 

input impedance of monopole (Zmon) is half of the dipole (Zdip), 
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For the same current level, the radiated power of the monopole is half of that for a 

dipole while the radiation intensity in free space are the same for both antennas. Hence, 

the directivity of the monopole is double the directivity of dipole, 
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 where Φmon and Φdip are the radiation intensity in free space for a monopole and a 

dipole, respectively. According to the above analysis, the input impedance and the 

directivity of a quarter-wave ideal monopole antenna, (Zmon, λ/4) and (Dmon, λ/4), are [22], 

[23], 

Ω+=+⋅=⋅= 25.215.36)5.4273(5.05.0 2/,4/, jjZZ dipmon λλ ,      (3-4) 

dBiDD dipmon 16.528.364.122 2/,4/, ==×=⋅= λλ .        (3-5) 

Off-Chip Monopole Antenna Investigation 

Numerous commercial chip antennas are available. However, most of them come 

with the size which is unsuitable for a small package. Ceramic chip antennas are 

popular due to their compact size and reasonable performance. These antennas are 

based on helix, meander or patch antennas covered by some dielectric materials such 

as low temperature co-fired ceramics (LTCC) which has high dielectric constant and 

lower loss [37]-[39]. Hence, electromagnetic waves in this antenna experience shorter 

wavelength than that travelling in air. Figure 3-1 depicts the structure for a helix-based 

ceramic chip antenna. As mentioned above, this type of antennas looks promising for 

compact systems such as µNode. 
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Figure 3-1.  Helix-based chip antenna. 

For chip antenna evaluation, a ceramic chip antenna, AN3216, from RainSun 

Company [40] has been chosen due to its compact size (~3 mm). Figure 3-2 shows the 

physical dimension of this antenna and the recommended size of printed circuit board 

(PCB) from the manufacturer [40]. This PCB serves as a ground plane for the antenna. 

It is evident that the size of this chip antenna is small enough for the µNode package 

but, according to the datasheet, the size of the PCB or ground plane is too large to fit in 

the µNode package. To understand the effect of smaller ground plane, PCB’s with 

varying sizes have been fabricated and tested with the antenna. 

 
 

Figure 3-2.  Ceramic chip antenna (AN3216) and recommended printed circuit board 
(PCB) design. 
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Figure 3-3 shows chip antennas mounted on PCB’s with different ground sizes 

and the measured return loss, |S11|. From this figure, the tuning frequency and |S11| for 

chip antennas are sensitive to the size of ground plane. Therefore, in order to have a 

chip antenna working at 2.4 GHz as mentioned in the datasheet, it requires a large 

ground plane or a large PCB which is unsuitable for the µNode. 

 
 

Figure 3-3.  Chip antennas on PCB’s with varying sizes and measured return loss, |S11|. 

Figure 3-4 shows the antenna pair gain, Ga, measurement setup and the results. 

The antenna gain can be estimated from the measurements as also shown in this 

figure. Two PCB sizes, sample #1 (1.5 cm2) and #4 (12 cm2), are compared. The loss of 

setup is also measured and has been de-embedded. The antenna pair gain Ga of these 

antennas is substantially lower than that specified in the datasheet (antenna gain ~0.5 

dBi). This demonstrates that even though the size of a ceramic chip antenna is 
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compact; it still requires a large ground plane resulting in a large PCB to achieve good 

performance at the desired frequency. Therefore, it is difficult to incorporate ceramic off-

chip chip antennas into the µNode package. 

 
 

Figure 3-4.  Antenna pair gain (Ga) measurement setup and result. 

On-Chip Monopole Antennas 

This section focuses on studies of on-chip antenna characteristics. The studies are 

done by on-chip antenna measurements using mobile probe stations and 3-D electro-

magnetic field simulations using Ansoft HFSSTM. The effect of nearby objects on 

antenna performance especially when the antenna is packaged inside the µNode is also 

studied. Then, suggestion of the on-chip antenna for µNode system is discussed. 

On-Chip Monopole Test Structures 

The motivation of using on-chip monopole antennas especially in standard CMOS 

process arises from simplicity of use, low cost and compactness compared to off-chip 
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antennas. The possibility of using on-chip monopole antennas operating at 5.8 GHz [7], 

[8] has been demonstrated. To investigate the use of on-chip antennas at even lower 

frequencies, on-chip antenna test structures were fabricated and evaluated. The 

fabrication process is briefly summarized as shown in Figure 3-5. 

 

Figure 3-5.  Fabrication process for on-chip antennas. 

Figure 3-6 shows antenna test structures. These antennas are based on the co-

planar wave guide (CPWG) feed micro-strip monopole [7], [8], [31] with a compact 

ground plane. Figure 3-7 shows actual fabricated on-chip antenna test structures. 
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These structures were fabricated with an Al-Cu alloy (thickness=3 µm, metal width=30 

µm) on a 3-µm Tetra Ethyl Ortho Silicate (TEOS) layer over a 20-Ω-cm silicon substrate 

(thickness=670 µm). The metal sheet resistance of these antennas obtained by using 

the Van der Pauw method [41] is of ~10 mΩ/□. The GSG pads at the bottom are for on-

wafer testing. An antenna was attached on a glass slide and placed inside a mobile 

probe stand. This probe stand allows vertical probing for the RF probes so the antenna 

can be placed vertically above ground [7], [8]. 

 
 

Figure 3-6.  On-chip monopole test structures. 

 
 

Figure 3-7.  Fabricated antenna test structures. 
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On-Chip Monopole Input Impedance 

The input return loss or |S11| of antennas was first characterized. Figure 3-8 shows 

the measurement setup. The mobile probe stand is equipped with a Cascade MPH-F4 

probe holder which is connected to a network analyzer using SubMiniature version A 

(SMA) cables. The purpose of using this mobile probe stand for antenna measurement 

instead of a metal chuck inside a cage is to reduce the multi-path reflections [42]. 

 
 

Figure 3-8.  |S11| measurement setup for on-chip antennas. 

Figures 3-9 and 3-10 show the measured |S11|’s for both linear and zigzag 

structures, respectively. Figures 3-11 to 3-14 plot the real and imaginary parts of 

antenna input impedance, Zin, for both zigzag and linear types, respectively. Unlike ideal 

short monopoles, measurements suggest that these antenna impedance values are still 

in the range (~70 to ~185 Ω for the real part) that can be easily matched to 50 Ω. The 

zigzag-type antennas show better input matching than the linear-antennas because 

zigzag line increases the antenna effective length resulting in lower resonant frequency 

[27], [43], [44]. 
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Figure 3-9.  Measured |S11| of linear on-chip monopoles (height=52 cm). 

 
Figure 3-10.  Measured |S11| of zigzag on-chip monopoles (height=52 cm). 
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Figure 3-11.  Measured real(Zin) of linear monopole antennas. 

 
Figure 3-12.  Measured real(Zin) of zigzag monopole antennas. 
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Figure 3-13.  Measured imaginary(Zin) of linear monopole antennas. 

 
Figure 3-14.  Measured imaginary(Zin) of zigzag monopole antennas. 
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Furthermore, measurements also suggest that antenna input matching can be 

improved by adjusting antenna length (L), ground length (S) and ground width (W). For 

instance, an antenna with ground width (W) of 6 mm has better input matching but it 

requires a larger chip area. Therefore, considering the chip area, a sleeve type on-chip 

antenna should be more suitable for µNode applications. 

Antenna Pair Gain, Ga, for On-Chip Monopoles 

Antenna propagation characteristics can be investigated by measuring antenna 

pair gain, Ga calculated from the measurements using equation 3-1. The measurement 

setup for on-chip antennas which is similar to that for measuring off-chip antennas 

described in the previous section is shown in Figure 3-15. In this setup, a pair of 

identical on-chip antennas mounted on glass slides was placed on both mobile probe 

stations with a height of ~52 cm above ground. 

 
 

Figure 3-15.  Ga measurement setup for on-chip antennas. 
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Figure 3-16.  Measured antenna pair gain (Ga) at 5.8 GHz vs. distance (height=52 cm): 
Linear (top), Zigzag (bottom). 
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Ga's for both linear and zigzag antennas were measured at 5.8 GHz as shown in 

Figure 3-16. The theoretical Ga for ideal half-wave dipoles (Gain=2.15 dBi) is also 

plotted in the same figure. These Ga results at 5.8 GHz for the antenna with 6mm length 

are consistent with the previously reported results [7], [8], [45]. Measurements show that 

both linear and zigzag antennas with the same antenna axial length (L) have similar 

Ga's. This means that Ga weakly depends on the type of antennas and antenna feeding 

structures, ground length (S) and the ground width (W) [7], [8]. Ga increases with 

antenna length (L). Therefore, it is acceptable to use the compact sleeve type on-chip 

antenna without an on-chip ground plane with a significantly reduced chip area. 

Figures 3-17 and 3-18 plot Ga's at 6 different frequencies (0.9, 1.4, 1.8, 2.4, 5.2 

and 5.8 GHz) for both linear and zigzag antennas, L1 (L=10 mm, W=0, S=0.5 mm) and 

L5 (L=6 mm, W=0, S=0.5 mm) for linear structures and Z1 (L=10 mm, W=0, S=0.5 mm) 

and Z5 (L=6 mm, W=0, S=0.5 mm) for zigzag structures, respectively. These antennas 

have the same feeding structure (W=0, S=0.5 mm). Measurements show that the 

antenna Ga’s at 2.4 GHz are slightly lower than those at 5.2 and 5.8 GHz. This is 

surprising, despite the fact that the smaller path loss compensates the antenna gain 

degradation. Compared to the measurements using off-chip antennas with PCB size of 

1.5x1.5 cm2, Ga of antenna Z5 at 2.4 GHz is ~15 dB lower. As mentioned before, the 

antenna Ga's for both linear and zigzag antennas are similar. At lower frequencies, the 

Ga curves show more deviation from the Friis equation (Ga should be -6 dB/octave in 

separation) and there are some peaks along the Ga curves especially at 0.9 GHz. This 

suggests that multi-part reflections from the environment surrounding antennas have 

more effect on antenna performance especially at lower operating frequencies.  
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Figure 3-17.  Measured antenna pair gain (Ga) vs. distance for linear-type antennas 
(height=52 cm): L1 (top), L5 (bottom). 
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Figure 3-18.  Measured antenna pair gain (Ga) vs. distance for zigzag-type antennas 

(height=52 cm): Z1 (top), Z5 (bottom). 
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Interestingly, the measurements show better antenna Ga’s at 1.4 GHz. This 

implies that antenna gain improves at 1.4 GHz as shown in Figure 3-19. The gain 

peaking especially at 1.4 GHz suggests that there must be additional effects from the 

environments nearby antennas such as RF probe, semi-rigid cable, and probe holder 

that influence antenna measurements. Figure 3-20 shows the probe holder and its 

dimension. Note that the dimension of probe holder is close to the wavelength at lower 

frequencies (16.7 cm at 1.8 GHz and 21.4 cm at 1.4 GHz). This must affect the antenna 

performance. To study this, HFSSTM simulation was performed for the test structure L1. 

Figure 3-21 shows simulation setup. It is a simplified structure including a probe holder 

and an RF probe (material is aluminum) used to investigate the effects on antenna 

performance. The target case when an on-chip antenna is placed perpendicular to a 1-

cm diameter battery inside the µNode package was also simulated for comparison. 

 
 

Figure 3-19.  Estimated gain for on-chip antennas. 
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Figure 3-20.  Cascade MPH-F4 Probe holder. 

 

Figure 3-21.  Simulated structures for on-chip antennas. 
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Figure 3-22 plots simulation results for antenna gain versus frequencies. The 

qualitative behaviors match the measurements especially at frequencies above 1.8 

GHz. For frequencies below 1.8 GHz, the simulations deviate more. Perhaps, more 

details for simulated structures are required for better simulations. Compared to the 

cases for an on-chip antenna alone and the target case (an on-chip antenna on a 1-cm 

diameter battery), results from this measurement setup are more optimistic especially at 

lower frequencies. The difference between the measurement and the simulated target 

case is ~5.4 dB at 2.4 GHz. Simulations also show that the antenna gain improvement 

of ~1.5 dB at 2.4 GHz can be achieved by thinning a silicon substrate from 670 µm to 

100 µm. 

 

Figure 3-22.  Simulation results for antenna gain vs. frequencies. 
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On-Chip Antenna Close to Ground 

In some use scenarios, µNodes are expected to be placed close to ground, 

therefore Ga’s near ground are of great interest. Figure 3-23 shows the measurement 

setup. Antennas are located around 5 mm above ground with small PCBs placed 

underneath. Small pieces of PCBs represent the situation when a µNode chip is placed 

on a 1-cm diameter battery. The measurement results at 5.8, 5.2 and 2.4 GHz are 

shown in Figures 3-24 to 3-26, respectively. The results show that Ga’s degrade by ~10 

dB at 1-2m separation and decrease with slope larger than 2 when antennas are placed 

closed to ground due to increased ground reflections. 

 
 

Figure 3-23.  Ga measurement setup for antennas placed 5 mm from ground. 
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Figure 3-24.  Measured antenna pair gain (Ga) at 5.8 GHz vs. distance for antennas Z1 

and Z5 (with PCB, height=52 cm and 5 mm). 

 
Figure 3-25.  Measured antenna pair gain (Ga) at 5.2 GHz vs. distance for antennas Z1 

and Z5 (with PCB, height=52 cm and 5 mm). 
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Figure 3-26.  Measured antenna pair gain Ga at 2.4 GHz vs. distance for antennas Z1 
and Z5 (with PCB, height=52 cm and 5 mm). 

On-Chip Antenna Radiation Pattern 

Radiation patterns of the on-chip antennas are investigated. Measurement setup 

and results are shown in Figure 3-27 at 5.8 and 2.4 GHz. The mobile chuck is replaced 

with two pieces of glass slides glued together at ~90 degree for mounting the on-chip 

antenna. In the receiver side, commercial patch antennas (5.8 and 2.4 GHz) are used. 

Measurements show that the radiation patterns at 5.8 GHz are similar to that for the 

theoretical monopole pattern. However, at 2.4 GHz, the patterns are slightly 

asymmetrical. This may be due to the fact that the wavelength at 2.4 GHz is longer and 

the effects of multi-path reflections from the asymmetrical structure of the probe holder 

are more significant. Due to the measurement setup limitation, the patterns for only XY- 

or H-plane are measured. 
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Figure 3-27.  Measured radiation patterns of structure Z1 and Z5 at 5.8 and 2.4 GHz. 

Effect of Surrounding Objects on Antenna Performance 

Because of the required small-form factor for µNodes, it is inevitable for an 

antenna to be placed close to other components such as a silicon chip, off-chip 

capacitors and etc. Moreover, an off-chip antenna, especially a chip antenna as 

discussed before, requires certain PCB size and distance or “keep-out areasˮ [47], [48] 

from other component to exhibit desired performance. As shown in Figures 3-3 and 3-4, 

it is clear that this chip antenna is sensitive to the PCB dimension. As a result, it is 

important to study the antenna performance when the antennas are mounted on a small 

package and close to other objects, especially a silicon chip. 
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Figure 3-28 shows simulation structures when an on-chip antenna L5 is placed 

close to a 2x6mm2-silicon chip (P1 and P2) and a 1x1cm2-copper plane is placed at the 

backside of the antenna. Table 3-1 summarizes the simulated antenna gain at 2.4 GHz. 

Simulations show that there is no big difference for the antenna gain except the case of 

a 1x1cm2-copper plane at the back side. Simulated |S11|’s as shown in Figure 3-29 

show small difference among these cases even at low frequencies.  

 

Figure 3-28.  Simulation structures for antennas close to other objects. 

 

Figure 3-29.  Simulated antenna |S11|. 
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Table 3-1. Simulation results for antenna gain (-x direction) at 2.4 GHz 
Condition Simulated gain (dB) at 2.4 GHz 

antenna L5 alone -37.5 

2x6mm2-Si chip @ P1 -38 

2x6mm2-Si chip @ P2 -38.6 

1x1cm2-Cu plane @ backside -48.3 

 

Measurements were also performed to compare the sensitivities of on-chip and 

off-chip antennas to these external structures. Figure 3-30 shows PCB test structures 

with different types of antennas. The PCB size is 1.2x1.2 cm2 with a 1.2x0.6cm2-copper 

portion as the ground plane and an antenna feed. A 2x4mm2-silicon chip is placed at 

different positions near the antenna as shown in the figures. For the P1 and P3 cases, 

the silicon chip touches the antenna while there is a gap of ~1 mm between the silicon 

chip and the antenna for the P2 case. In the P4 case, only a 1x1cm2-copper PCB is 

attached at the back side of antenna. 

Figures 3-31 to 3-34 show measured |S11| for off-chip antennas, PCB antennas, 

on-chip antennas mounted on a glass slide and on-chip antennas mounted on a PCB, 

respectively. For off-chip and PCB antennas, the figures plot only the frequency ranges 

at which the input impedances of these antennas are tuned. Measured results show that 

the input impedances of on-chip antennas are far less sensitive to the surrounding 

objects than those of off-chip and PCB antennas. Specifically, when a 1x1cm2-copper 

PCB is placed at the back side, |S11|’s of both off-chip and PCB antennas significantly 

change while those for on-chip antennas do not vary much. Figures 3-33 and 3-34 show 

that |S11|’s of on-chip antennas vary only ~1.5 dB when the antennas are mounted on 
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different materials. Furthermore, it is clear that when the silicon chip touches the 

antenna body, it significantly affects the input matching of both off-chip and PCB 

antennas while it slightly changes |S11|’s of on-chip antennas by ~0.5-1 dB. 

 
 

Figure 3-30.  Test structures for different types of antennas and surrounding objects. 

 
 

Figure 3-31.  Measured |S11| for off-chip antennas. 
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Figure 3-32.  Measured |S11| for PCB antennas. 

 
 

Figure 3-33.  Measured |S11| for on-chip antennas mounted on glass slides. 
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Figure 3-34.  Measured |S11| for on-chip antennas mounted on PCB’s. 

The antenna pair gain, Ga, with near-by objects is also of great interest. Figures 3-

35 and 3-36 show the measured Ga’s at 2.4 GHz for both off-chip and on-chip antennas, 

respectively. Measurements show that when the silicon chip touches the antenna 

structure (P1) which is the most extreme case for a small-form factor, Ga’s of the on-

chip antennas only vary by ~0.2-0.5 dB, while those of the off-chip antennas degrade by 

~15-20 dB. Furthermore, Ga’s of the off-chip antenna are almost similar to that of the 

on-chip antenna for the P1 case. These show that on-chip antennas are less sensitive 

to surrounding objects than off-chip antennas. Therefore, although the performance of 

off-chip antennas is better than that of on-chip antennas in ideal cases, both antennas 

can exhibit similar performances when the small-form factor requirement is considered. 
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Figure 3-35.  Measured Ga for off-chip antennas with surrounding objects at 2.4 GHz. 

 
 

Figure 3-36.  Measured Ga for on-chip antennas with surrounding objects at 2.4 GHz. 
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On-Chip Antenna for µNode Operating at 2.4 GHz 

This section presents the suggestion of an on-chip antenna that can be used for 

µNode based on HFSSTM simulations. From the µNode link margin analysis in Chapter 

2 (table 2-1), the required antenna gain for a communication distance of 20 m at 2.4 

GHz while still achieving link margin of 13 dB is greater than -14 dB. This can be 

satisfied by employing an on-chip antenna L1 (L=10 mm, W=0, S=0.5 mm) on a 1-cm 

diameter battery, thinning the silicon substrate to 100 µm and encapsulating the 

antenna with the dielectric material (dielectric constant=4). Figure 3-37 shows the 

suggested structure and its simulated input impedance for both real and imaginary 

parts. Note that a 2x4-mm2 silicon chip is also considered representing the practical 

situation in the real µNode package. At 2.4 GHz, simulations suggest that this antenna 

structure achieves gain of > -13 dB as shown in Figure 3-38 and still has reasonable 

input impedance for matching network (Zin=22.4-58.3j Ω). Base on this, it is possible to 

form a wireless communication link at 2.4 GHz with a useful distance by using a pair of 

1-cm on-chip antennas packaged inside µNodes. 

 

Figure 3-37.  On-chip antenna for µNode, and simulated |S11|. 
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Figure 3-38.  Simulated antenna gain. 

Summary 

The feasibility of using on-chip antennas in µNode system is studied by antenna 

simulations and measurements at varying frequencies. Although the performance of an 

on-chip antenna is not as good as that of an off-chip antenna, its size is more compact 

and it does not require a large ground plane or keep out area. Furthermore, when the 

small-form factor and a nearby silicon chip are considered, the performance of off-chip 

and on-chip antennas becomes closer. Finally, simulations suggest that it is possible to 

form a wireless communication link at a useful distance by using a pair of 1-cm on-chip 

monopoles packaged inside µNodes. 
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CHAPTER 4 
THE WIRELESS SWITCH DESIGN FOR µNODE SYSTEM 

µNode systems require post fabrication calibration [15]. This requires an ability to 

turn the battery power on and off to store the system before and after calibration. 

Besides adding another component, since the form factor is small, it is difficult to place 

a mechanical switch that can be easily turned on and off. This requirement can be 

satisfied by incorporating a wireless switch or a wake-up receiver. Several approaches 

have been reported for wake-up receivers [49]-[51]. For this application, a passive RFID 

(Radio Frequency Identification) architecture is chosen for no standby power 

consumption. To keep the chip area and system size overheads small, the wireless 

switch function should share as much of the infrastructure for the main receiver, while 

not significantly affecting its performance. This chapter shows an approach for 

designing and integrating a wireless switch into a single chip radio, which includes a 

circuit that protects against RF signals with an amplitude higher than the normal range. 

Wireless Switch Operating Range 

The operating frequency of the wireless switch is chosen to be different from the 

main transceiver to prevent the loading effect of each other. In this design, the operating 

frequency of the wireless switch is 5.8 GHz. The operating range of the wireless switch 

can be estimated using the equivalent models as shown in Figure 4-1. 

fRF, Ps

Vout, DC
Rectifier

Rs, Gr, AeRs, Gt, Ae

S

Distance (cm)
GPA

Rin

PEIRP

Pt Pr

Vin, RF

RS Rin

VS

Vin, RF
Pr

 
 

Figure 4-1.  Operating range estimation for wireless switch. 
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At the transmitter side, the effective isotropic radiated power, PEIRP, is equal to 

tPASttEIRP GGPGPP ⋅⋅=⋅= ,           (4-1) 

where Ps, Pt, GPA, Gt are source power, transmitted power, gain of the power amplifier 

and the gain of the transmitting antenna, respectively. Hence, the power density is 

24 d
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,             (4-2) 

where d is the distance between the transmitting and receiving antennas. At the 

receiver side, the received or available power, Pr or Pav, transferred to the matched load 

depends on the incident power density, S, and the effective aperture, Ae of the receiving 

antenna 
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where the effective aperture is directly related to the wavelength and the gain of the 

receiving antenna. This equation is also known as “Friis Equation” [22], [23]. The 

amplitude of equivalent source, Vs_peak, and input RF signal, Vin,RF_peak, are equal to  

eSavSpeakS ASRPRV ⋅⋅⋅⋅=⋅⋅⋅= 2222_ ,         (4-4) 
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where Rs and Rin are the antenna and rectifier input impedance respectively. The input 

impedance of rectifier is assumed real for simplicity in this estimation. It is clear that in 

order to increase the amplitude of input RF signal for fixed available power, the 

condition of power match (Rin=Rs) at higher value is preferred. However, typical Rin is 

much larger than Rs, therefore the matching network is necessary for the impedance 
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transformation from Rs to Rin. The detail about the impedance transformation will be 

discussed in the circuit designs section. 

To calculate the required input power to the wireless switch, the power drawn by 

the load at the rectifier output needs to be determined. Typical power consumption for 

the baseband circuits especially for an RFID system is ~1-2 µW [24], [25]. For this 

particular application the power requirement is expected to be much smaller due to the 

simpler circuit and the power requirement for the load is set to 1 µW. Assuming the total 

power efficiency of the rectifier including the loss from the matching network is 1 % in 

the worst case, the received or available power at the receiver side must be equal to 

100 µW or -10 dBm. Form the Federal Communication Commission (FCC) rules, the 

maximum PEIRP for point to multiple points communication at 5.8 GHz is 4 W or 36 dBm 

[26], and the relationship between the operating distance and the receiving antenna 

gain is 
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where λ is the wavelength at 5.8 GHz which is equal to 5.172 cm and Gr is the receiving 

antenna gain. Therefore, if the antenna gain is as small as -10 dBi for an on-chip 

antenna, the operating range for -10-dBm received power is ~26 cm. The corresponding 

input amplitude for the rectifier, Vin,RF_peak, assuming that Rin >> RS is ~200 mV where 

RS=50 Ω. For the matching network with quality factor (Q) > 4, the signal amplitude is 

amplified so that it can turn on the diodes in the rectifier circuit. 

Wireless Switch Architecture 

Figure 4-2 shows the architecture of µNode system including a wireless switch. 

The wireless switch and main transceiver share the same antenna to reduce the system 
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overhead. The switch is placed in between the antenna and main transceiver since no 

signal is available to turn on the T/R (Transmit/Receive) switch and main transceiver for 

TDD (Time Division Duplex) operation before the power-up operation is completed. The 

wireless switch can load the input of main transceiver, if the wireless switch has 50-Ω 

input impedance at the tuned frequency of main transceiver. This addition will cause the 

antenna to be mismatched to the transceiver. A way to mitigate this is making the 

wireless switch and main radio operate at two different frequencies while utilizing an 

antenna that can operate at both frequency bands. More specifically, operating 

frequency of 5.8 GHz is chosen for the wireless switch and 2.4 GHz for the transceiver. 

Several dual-band antennas have already been reported [52]-[55]. These antennas 

provide excellent performance, i.e. gain > 0 dBi for both frequency bands as well as 

being compact. The impedance looking into the wireless switch should be high at 2.4 

GHz, while the impedance looking into the main transceiver should be high at 5.8 GHz 

in order to reduce the impact on each other. 

 
 

Figure 4-2.  Architecture of µNode system. 
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Figure 4-3 shows a simplified schematic of wireless switch for this µNode system. 

It is similar to that for a passive transponder in an RFID system. This subsystem 

consists of a matching network, an RF clamp, an RF-to-DC converter, a limiter, a 

power-on-reset circuit (POR), an envelope detector, a comparator/control logic and a 

power switch to turn on the battery. The comparator/control logic and the power switch 

are not included in this work. The wireless switch receives energy through the antenna 

and converts to DC using an RF-to-DC converter. The envelope detector has been used 

to recover the coded signal for authentication of the power-up signal [56]. The 

comparator/control logic provides a power-up signal for the power switch to turn the 

battery on for the main transceiver. The power switch includes a latch that holds its on-

state after receiving the power-up signal. This means once the main transceiver is 

turned on, the power-up signal is no longer needed. For turning the transceiver off, the 

2.4-GHz radio link is used. The details of wireless switch are described in the circuit 

designs section. 

 
 

Figure 4-3.  Simplified schematic for wireless switch in µNode system. 
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To evaluate the performance of wireless switch as well as its impact on the 

transceiver performance, the wireless switch is integrated with a T/R switch. By 

evaluating the performance of T/R switch with and without the wireless switch, the 

expected impact of wireless switch on the transceiver is estimated. As a matter of fact, if 

the receiver, transmitter and antenna are all matched to 50 Ω at 2.4 GHz, the insertion 

loss degradation of a T/R switch after integrating a wireless switch will be exactly the 

gain and noise figure degradation of the receiver and the output power degradation of 

the transmitter. This approach by removing the need for a full transceiver greatly 

simplifies the task of quantifying the impact of wireless switch. 

Operation Modes 

Operation range of transceiver is a key design target. For the RF power-up and 

down applications, the range of wireless switch circuit can be significantly shorter (less 

than 10 cm) than that of the main transceiver. Therefore, operating frequency of 5.8 

GHz with higher propagation loss is chosen for the wireless switch. The operation 

modes (power-up (PUx) and transceiver (TRx) modes) for a matching network of 

wireless switch are shown in Figure 4-4.  

In PUx mode, the main transceiver is turned off, thus its input impedance looking 

at the input of the T/R switch, is high. The matching network of wireless switch is 

designed so that its input impedance is 50 Ω at 5.8 GHz. Therefore, essentially all the 

available power of RF power-up signal at 5.8 GHz picked up by the antenna is delivered 

to the wireless switch. 

In TRx mode, the main transceiver is turned on and the RF signal frequency is 2.4 

GHz. The input impedance of wireless switch is close to open at 2.4 GHz. Therefore, 
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only a small amount of RF power at 2.4 GHz is diverted to the wireless switch. This 

ensures that the wireless switch is not powered up by the signal at 2.4 GHz and, its 

loading effect is reduced. 

 
 

 
 

Figure 4-4.  Operation Modes: (top) Power-up (PUx) Mode, (bottom) Transceiver (TRx) 
Mode. 

Circuit Designs 

Mechanism of Voltage Multiplier 

The DC power of wireless switch circuit is generated from incident RF signals by 

an RF-to-DC converter or voltage multiplier [24], [57]-[61]. The voltage multiplier circuit, 

or voltage doubler, is a basic circuit for RF-to-DC converter. This section describes its 

mechanism. Voltage multiplier can be considered as a clamping circuit cascaded with a 
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rectifier circuit as shown in Figure 4-5. To ease the analysis for the mechanism of 

voltage multiplier, some conditions are assumed: 

1. The diode must turn “on” if VD=Vanode - Vcathode > 0 and “off” if VD < 0. Also, the 

current flow in diode is analogous to the water flow in a water pipe with a valve that 

allows one direction of current flow. In another word, only positive charges flow from an 

anode to a cathode or negative charges flow from a cathode to an anode is allowed. 

2. The initial conditions across all capacitors are zero. All capacitors have the 

same value. Also, these capacitors can be treated as “short circuits” for an AC signal 

and as “opened circuits” for DC signal. 

+
Vout

-

+

RF Input

- Clamping Rectifier

D2C1 VX

D1 C2

 
 

Figure 4-5.  Voltage multiplier or voltage doubler circuit. 

The analysis is further simplified when it starts with a negative cycle of the RF 

input signal. Figure 4-6 shows the voltage multiplication mechanism. Starting with the 

negative part of the input signal during time t0-t1, the input source starts to deposit more 

negative charges though the capacitor C1 causing diode D1 and D2 to turn “on” and “off”, 

respectively. This makes the voltage at node Vx=0 and, also, leaves the voltage at node 

Vout=0 as shown in case (a) of Figure 4-6. During time t1-t3, the input signal starts to turn 

back to positive side, thus more positive charges are deposited through the capacitor 
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C1. This causes diode D1 to turn “off” and diode D2 to turn “on”. The circuit forms a 

capacitive divider between C1 and C2 (where C1=C2) as shown in case (b). Therefore, 

the voltage at nodes Vx and Vout are equal and both of them track the input signal with a 

divide ratio of 0.5 to reach the final value, Vp, at time t3. After reaching its peak value, 

Vp, the input signal starts to fall back to zero and deposits more negative charges 

through capacitor C1 during time t3-t4. This makes diodes D1 and D2 turn “on” and “off” 

as shown in case (c), respectively. The voltage at node Vx follows the input signal to 

zero but that of the node Vout will hold at Vp because diode D2 is off. For the following 

cycle, the mechanism during time t4-t5 is the same as that of the time t0-t1 as shown in 

case (d). During time t5-t6, although the input signal starts to deposit positive charges, 

diode D2 cannot turn “on” because Vcathode of D2, (=Vout=Vp), is greater than Vanode of D2, 

(=Vx=0). This is shown by case (e). Therefore, the voltage at node Vx just follows the 

input signal without any division. At time t6, when the voltage at the node Vx reaches Vp, 

this turns diode D2 “on” and the circuit forms a capacitive divider again as shown in case 

(f). During the period, t6-t7, the voltage at node Vx follows the input signal with the same 

divide ratio, 0.5 but the period is shorter than that for the case (b). Therefore, the 

voltage at nodes Vx and Vout reaches Vp+Vp/2 at time t7. The same process as in case (c) 

starts over again during time t7-t8 for case (g). The mechanism of the voltage multiplier 

repeats itself again for other cycles but the output continues to rise by Vp/4, Vp/8, Vp/16 

and etc., in each input cycle, approaching the final value of 
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Figure 4-6.  Mechanism of voltage multiplier circuit. 

Radio Frequency-to-Direct Current Component (RF-to-DC) Converter 

Figure 4-7 shows the RF-to-DC converter integrated with an impedance trans-

formation network. The DC voltage generated at the converter output is approximately 

equal to [24] 

( )fwdpeakInRFDC VVNV −⋅≈ , ,           (4-8) 

where N is the number of diodes, VIn RF, peak is the amplitude of input RF signal as shown 

in Figure 4-7 and Vfwd is the forward bias voltage of diodes. A critical figure of merit for 

this circuit is the power conversion efficiency [57], [60], 
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where PDC is the DC power measured at the output of the converter, PRF,Avail is the 

available power provided by the input source, |S11| is the input return loss and PRF,in is 

the power delivered into the RF-to-DC converter.  

The required RF input power should be as small as possible for longer operating 

range. This requires low power consumption circuits connected at the converter output 

and high input impedance (Zi in Figure 4-7) which further reduces the required RF input 

power by increasing the conversion efficiency. Typical power consumption of an RFID 

baseband circuit is on the order of ~1-2 µW [24], [25]. Since the function of baseband 

for the wireless switch is much simpler than that of an RFID, its power consumption 

should be significantly lower. 

 
 

Figure 4-7.  The radio frequency-to-direct current component (RF-to-DC) converter with 
a matching network.  
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Ideally, the highest efficiency is achieved with a single stage. However, generation 

of sufficiently high DC output voltage with only one stage requires large input voltage 

amplitude and, hence, a high-Q matching network to transform the antenna impedance 

which is typically around 50 Ω. To relax this, multiple stages are needed. In this wireless 

switch design, an RF-to-DC converter with 5 stages is chosen. To achieve high Q, an 

on-chip metal-oxide-metal capacitor, Cseries and a bond wire inductor, Lshunt are used for 

matching shown in Figure 4-7. A concern for a bond wire inductor is its variations. The 

length of bond wire inductor can be controlled within ~±50 µm. With the variations of 

bond wire inductor and on-chip capacitor, the tuning frequency is expected to vary 

~±100 MHz and |S11| at 5.8 GHz is expected to be less than -10 dB over these 

variations. An on-chip inductor with lower Q can also be used at the expense of more 

loss and degraded efficiency. Since for the applications of interest, the range and 

transmitted power can be selected with a great deal of flexibility, the degradation of 

efficiency can be tolerated. 

The diode sizing along with the number of stages for the RF-to-DC converter also 

needs to be considered to improve the efficiency. Since diodes with higher saturation 

current, a lower forward bias voltage drop and faster switching time are desirable for 

better efficiency, Schottky Barrier diodes (SBD’s) have been chosen [24], [58]. These 

SBD’s are created without process modifications by using the layout layers available in 

the standard design kit [62]-[64]. In this design, SBD’s with measured characteristics 

have been used to optimize the power efficiency. Figure 4-8 shows an n-type Schottky 

Barrier diode layout and its cross section and Figure 4-9 shows an equivalent model 

including parasitics. An n-well-to-p-substrate diode, Dnwell-sub, has been added to 
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account its junction breakdown. Because the operating frequency of RF-to-DC 

converter (5.8 GHz) is low compared to the cut-off frequency of diode, the main trade-

off for sizing the diodes is between increasing the saturation current which leads to 

higher direct current slope and higher DC output voltage, and decreasing n-well-to-

substrate parasitics which introduces loss and degrades efficiency. A single diode cell 

with a larger area that has a smaller n-well to Schottky diode area ratio should be better 

than a structure with multiple minimum area diode cells connected in parallel. 

For the series resistance Rs, it includes all the resistances between the Schottky 

Barrier contact and ohmic contact. The series resistance Rs [64] is 
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where Rsh-nwell is the n-well sheet resistance, Rsh-STI is the n-well sheet resistance under 

the shallow trench isolation (STI), Rsa-n+ is the salicided n+ sheet resistance, Rc is the 

resistance associated with the contacts and vias. ls is the length of the Schottky, l1 is the 

STI width and l2 is the separation between the edge of STI and n-well metal contact. dSTI 

is the STI thickness and xJ is the n-well depth.  

For the junction capacitance for SBD, its expression is similar to that a p-n diode. 

The difference is that SBD does not have diffusion capacitance when it is forward 

biased because the minority-charge storage effect is not present [65]. This capacitance 

can be expressed as 
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where Cjo is the zero bias junction capacitance, q is the charge of an electron, ND is the 

n-well doping density, εsi is the permittivity of silicon, Vbi is the built-in potential and mj is 

the junction grading coefficient. 

 
 

Figure 4-8.  N-type Schottky barrier diode layout and its cross section. 

 
 

Figure 4-9.  Diode equivalent model with associated parasitics. 
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Figure 4-10 plots the current-voltage characteristics of three measured SBDs in 

130nm digital CMOS process. The Schottky areas are also listed in the figure. Figure 4-

11 plots the simulation results for the power efficiency of 5-stage RF-to-DC converters 

constructed with these diodes. Simulations shows that a Schottky diode with a unit area 

of 1.28x1.28 µm2 and the corresponding n-well size of 4.88x3.24 µm2, and the space 

between the Schottky contact and n+ diffusion of 1.16 µm is better suited. The Rs and Cj 

of this diode is ~84 Ω and ~5 fF, respectively. This diode also gives corresponding n-

well parasitic capacitance and resistance of ~10.8 fF and ~105 Ω, respectively. 

 

Figure 4-10.  Current-voltage characteristics of measured Schottky Barrier Diodes. 
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Figure 4-11.  Simulated power conversion efficiency for a 5-stage RF-to-DC converter. 

Envelope Detector, Limiter & RF Clamp and Power-on-Reset Circuit. 

A circuit diagram of envelope detector is shown in Figure 4-12 (a). This structure is 

the same as that of the RF-to-DC converter except that only one voltage multiplier stage 

is used. The capacitors, C1-C2, and resistors, R1-R2 are used to provide appropriate 

time constant to generate envelope signal and reference signal. The values of these 

components depend on the RF input signal data rate. The envelope signal and 

reference signal are fed into a comparator to generate the demodulated data. Having 
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the reference signal enables proper operation even when the envelope signal does not 

swing down all the way to zero.  

The DC output voltage as well as input voltage of RF-to-DC converter can be 

unacceptably high. This can damage the converter and circuit connected to its output. 

To prevent this, a limiter and RF clamp shown in Figure 4-12 (b) have been included. 

The locations of these elements in the transceiver are shown in Figure 4-3.  

 
 

Figure 4-12.  Sub-circuits for Wireless Switch: (a) Envelope detector circuit. (b) Limiter 
and RF clamp. (c) Power-on-Reset circuit. (d) Simplified transmit/receive 
(T/R) switch schematic. 
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The limiter consists of 3 p+-to-n‐well diodes connected in series at the output of 

RF-to‐DC converter. The RF clamp consisting of a p+-to-n-well diode and an n+-to-p-

substrate diode in an anti‐parallel configuration is connected to the antenna port. The 

junction areas of p+-to-n-well and n+-to-p-substrate diodes are 100 µm2. The total 

parasitic capacitance of the RF clamp is ~110 fF. Once the DC output voltage is higher 

than 3vd,p+, (where vd,p+ is the turn-on voltage of p+-to-n-well diodes), the diodes turn on 

and limit the DC output voltage. For the RF input signal with amplitude greater than vd,p+ 

for positive side and vd,n+ (where vd,n+ is the turn-on voltage for the n+-to-p-substrate 

diode) for negative side, the clamp turns on and limits the input signal level.  

The power-on-reset circuit for the wireless switch is shown in Figure 4-12 (c). It is 

composed of a cross-coupled pair of NMOS transistors and a NOR gate [56]. When the 

DC output voltage from the RF-to-DC converter is sufficiently high, one branch of the 

cross-coupled pair over powers the other and latches the value. Long channel devices 

that increase the gain of inverters [66], and damping capacitor, C, [56] are used to 

reduce the probability of cross-coupled pair being in a meta-stable state. The NOR gate 

compares the two signals and generates a pulse (power-on-reset signal) to initialize a 

logic block (not included) that determines whether the rest of circuits should be powered 

up. 

Transmit/Receive (T/R) Switch for µNode Transceiver 

To evaluate the performance of wireless switch and transceiver in the presence of 

the other, a T/R switch for TDD communication system is connected to the wireless 

switch. Figure 4-12 (d) shows a simplified schematic of a broad band T/R switch. The 

T/R switch [67] achieves insertion loss of ~0.7 dB, return loss of ~20 dB and isolation 
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greater than 30 dB at 2.4 GHz. To combine the wireless switch and transceiver chain 

together, as mentioned in section III, the input impedance looking into the wireless 

switch must be high at 2.4 GHz to prevent loading, while matched at 5.8 GHz. This is 

realized by using the same shunt inductor and series capacitor input matching network 

that transforms 50 Ω to higher input impedance of the RF-to-DC converter as shown in 

Figure 4-7. The series capacitor, Cs, increases the input impedance at 2.4 GHz to 

reduce the loading of converter. Figure 4-13 shows the frequency dependence of input 

impedance for the entire system on a Smith chart in both PUx and TRx modes. 

 
 

Figure 4-13.  Input impedance of the entire system for both operating modes: Power-up 
(PUx) and Transceiver (TRx) modes, (design targets and measurement 
results). 
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In PUx mode, the T/R switch is turned off so its input impedance is capacitive and 

high. Since the matching circuit of wireless switch is tuned at 5.8 GHz, the total input 

impedance is at the center of Smith chart (X2) and at the lower-right-hand side at 2.4 

GHz (X1). In TRx mode, due to the broad band response of T/R switch, its input 

impedance is ~50 Ω at both 2.4 and 5.8 GHz. Because the input matching network of 

wireless switch is high impedance at 2.4 GHz and matched to 50 Ω at 5.8 GHz, the total 

impedance seen by the receiver input and transmitter output is 50 Ω (X4) at 2.4 GHz 

and 25 Ω (X3) at 5.8 GHz. 

Experimental Results 

A die micrograph for an integrated circuit including both wireless switch and T/R 

switch is shown in Figure 4-14. The chip size is ~1400x730 µm2 including bond pads. 

The area of the wireless switch excluding bond pads is ~400x590 µm2. 

 
 

Figure 4-14.  Chip die micrograph. 
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This circuit is fabricated in a 130-nm digital CMOS process. The wireless switch 

and T/R switch are connected on-chip for characterization of the T/R switch and 

wireless switch combination. More specifically, the antenna bond pads of T/R switch 

and input bond pads of wireless switch are connected at the center of the chip. The 

bond pads on the wireless switch side, including a ground pad, are used to make the 

bond wire connections for Lshunt in Figure 4-7. These bond pads in combination with 

laser cuts also allow separate characterization of the RF-to-DC converter with and 

without a matching network, and the T/R switch by itself. 

The input return loss, DC output voltage and the power conversion efficiency of 

RF-to-DC converter are measured. A 1-MΩ load off-chip is connected at the output of 

the converter. Figures 4-15 and 4-16 show the measured small-signal and large-signal 

|S11|’s of the converter with the matching network, respectively. 

 
 

Figure 4-15.  Small-signal |S11| of the RF-to-DC converter with a matching network. 

In Figure 4-15, the matching network is tuned at ~5.7 GHz. The input impedance 

is high at 2.4 GHz. The resonant frequency is slightly below the target, because of 

errors in modeling the matching network and the previously discussed variations of the 
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passive components. The large-signal |S11|, DC output voltage and the power 

conversion efficiency (also for the case without matching network) are measured at this 

tuned frequency. Figure 4-16 shows that |S11| is below -10 dB for input power less than 

~-12 dBm and over than -10 dB for input power greater than -10 dBm. This high |S11| at 

higher input RF power level is not a serious issue since the power level is already large 

enough to turn on the wireless switch although the return loss is high. 

 
 

Figure 4-16.  Large-signal |S11| of the RF-to-DC converter with matching network at 5.7 
GHz. 

Figures 4-17 and 4-18 show measured and simulated DC output voltage and 

power conversion efficiency of the RF-to-DC converter (with and without a matching 

network), respectively. The limiter at the output was laser cut for these measurements. 

The power efficiency is calculated using equations (4-9) and (4-10). These two figures 

are plotted versus the available power, PAvail, of an external RF signal generator.  
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Figure 4-17.  DC output voltage vs. available power, PAvail. 

 
Figure 4-18.  Power conversion efficiency vs. available power, PAvail. 
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In Figure 4-17, at the same PAvail ~-13 dBm, the converter with a matching network 

generates DC output voltage of around 1 V instead of ~0 V for the converter without the 

matching network. This clearly demonstrates that the matching network improves the 

sensitivity of wireless switch. The measurements also agree well with the simulation 

results overlaid in the same figures. At high available power levels, the DC output 

voltage saturates around 10 V because of the breakdown voltage associated with the n-

well to p-substrate junction of Schottky diodes. When the limiter circuit is connected, the 

DC output voltage of the converter is clamped at 3vd,p+ (~2 V), where vd,p+ is the turn-on 

voltage for the p+-to-n-well diode. The efficiency peaks and falls beyond a certain input 

power level due to the n-well-to-substrate junction breakdown that saturates the output 

voltage. At PAvail < 0 dBm, the converter with the matching network provides higher 

conversion efficiency. However, its efficiency increases at a slower rate than the one 

without the network and reaches the maximum of around 14 % at PAvail of ~0 dBm while 

the converter without the matching network shows the peak efficiency of around 34 % at 

PAvail ~9 dBm. The degradation of power conversion efficiency is due to the loss of the 

matching network resulting from the finite Q of on-chip capacitor and bond wire 

(estimated Q of ~50 at 5.8 GHz). The measured and simulated results agree well. 

For the T/R switch characterization, since only a small battery with supply voltage 

of 1.2 V is expected to be available in µNodes, the DC bias voltage (VBias) for the shunt 

transistors of the switch has been connected to ground instead of 1.8 V [67]. Figure 4-

19 shows the measured performance of the T/R switch alone. At 2.4 GHz, the T/R 

switch has 0.7-dB insertion loss, around 24-dB isolation (from antenna port to TX or RX 

port) and less than -15 dB |S11| and |S22|. 
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Figure 4-19.  Measured performance of T/R switch. 

Figure 4-13 also shows the measured input impedance of wireless switch 

integrated with the T/R switch at both PUx and TRx modes. In PUx mode, the input 

impedance is capacitive at 2.4 GHz, (marker m1) and close to the center of Smith chart 

at 6.28 GHz, (marker m2). There is a frequency shift from 5.7 to 6.28 GHz. This is due 

to the difference of position for the RF probe compared to that for the RF-to-DC 

converter measurement alone (Figure 4-14). The probe is much closer to the bond wire, 

and the mutual coupling with the probe reduces the effective length of bond wire, 

increasing the tuning frequency from 5.7 to 6.28 GHz. In the actual µNode 

implementation, the circuits can be rearranged to reduce this mutual coupling and thus 
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the discrepancy. In TRx mode, when the T/R switch is turned on, the input impedance 

of circuit is close to the center of Smith chart at 2.4 GHz, (marker m4), and the input 

impedance at 6.28 GHz moves toward the 25-Ω constant resistance circle (marker m3) 

due to the broad band response of T/R switch and loading of the wireless switch as 

discussed in the previous section. 

The performance of T/R switch after integrating the RF wireless switch is shown in 

Figures 4-20 and 4-21 for PUx and TRx mode, respectively. In PUx mode, the isolation 

from the antenna port to TX or RX port at 2.4 GHz is around 24 dB and |S11| is less than 

-11 dB at 6.28 GHz. In TRx mode, at 2.4 GHz, the insertion loss of switch is degraded 

by ~0.3 dB to 1 dB, and |S11| and |S22| are less than -10 dB. 

 
 

Figure 4-20.  Measured performance of T/R switch integrated with a wireless switch in 
Power-up (PUx) mode. 
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Figure 4-21.  Measured performance of T/R switch integrated with a wireless switch in 
Transceiver (TRx) mode. 

 
 

Figure 4-22.  Measured 1-dB compression points of T/R switches with and without a 
wireless switch. 
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The effect of the wireless switch on the linearity of the T/R switch is also of great 

interest. Figure 4-22 shows the measured 1-dB compression point (P1dB) for the T/R 

switch with and without the wireless switch. The input referred P1dB of T/R switch 

degrades ~0.5 dB when the wireless switch is added due to the RF clamp circuit added 

at the antenna port. This also indicates that the RF clamp will limit input power larger 

than ~12 dBm to protect the wireless switch and transceiver. These measurement 

results show that the deleterious effect of adding a wireless switch into a transceiver 

can be adequately managed. 

Summary 

This chapter presents a dual frequency band approach for integrating a wireless 

switch using an RF-to-DC converter (5.8 GHz) with a 2.4-GHz transceiver. The RF-to-

DC converter is the first fully integrated converter operating at 5.8 GHz. The approach is 

demonstrated by evaluating the performance impact of adding the wireless switch to a 

T/R switch. In a 130-nm digital CMOS process, a T/R switch integrated with the wireless 

switch achieves ~0.3 dB higher insertion loss and 0.5-dB lower 1-dB compression point 

at 2.4 GHz compared to that without the wireless switch. The maximum power efficiency 

of RF-to-DC converter using Schottky diodes and a bond wire inductor for matching or 

impedance transformation is 14 % at 5.7 GHz. The maximum occurs when the available 

input power is 0 dBm. These indicate that integration of a wireless switch for turning on 

and off a transceiver of M&MTM sized or smaller communication nodes by using RF 

signals can be accomplished with minimal performance degradation for the transceiver. 
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CHAPTER 5 
LOW POWER RECEIVER FRONT-END DESIGN 

In a µNode, the power consumption of radio communication subsystem is a 

dominant factor determining its size and life time. To lower the overall power 

consumption, a low power RF front-end is thus necessary. However, the performance of 

system normally depends on power consumption so careful design of the RF front-end 

is critical to lower total power consumption while maintaining acceptable system 

performance. Several low power radio subsystems have been reported [70]-[74]. 

However, a phase-locked loop (PLL) and local oscillator (LO) buffers which are the most 

power consuming blocks are often not included. Some even use an external LO source 

[65], [66] which provide little information on their usefulness in real situations. This 

chapter discusses the architecture and circuit design issues for reducing the power 

consumption of an RF receiver front-end including LO driver co-optimization. 

 
 

Figure 5-1.  Receiver front-end architecture. 

Receiver Front-End Architecture 

Fig.5-1 shows the proposed receiver front-end. It is intended for use in low 

intermediate frequency (IF) (~1-2 MHz) architecture with reduced block counts, power 
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consumption and chip size. The input matching network boosts the RF voltage level [70] 

before down-conversion using single balanced passive mixers. A mixer-first structure 

was used to eliminate the power consumption of low noise amplifier (LNA) operating at 

the RF frequency. The PLL provides 4-phase LO signals with a 25% duty cycle for 

quadrature down-conversion. These non-overlapping LO signals [70], [72], [73] and 

voltage gain from the matching network [70] improves overall performance of the 

receiver as well as reducing the power consumption of the RF subsystem. 

Circuit Designs 

This subsection discusses the design issues for the RF front-end. This RF circuit 

consists of a ring-oscillator based PLL, impedance transformation network, passive 

mixers, baseband amplifiers and a 25%-LO driver. Optimization for this front-end 

through simulation is also presented.  

Ring-Oscillator Based Phase Locked Loop (PLL) 

A circuit schematic of PLL is shown in Figure.5-2 [21]. This circuit is designed by 

C.-Y. Cha [21]. With a 50-MHz frequency reference and a divide-by-48 frequency 

divider, the PLL generates four 2.4-GHz LO signal phases for the receiver. A 4-stage 

ring oscillator with differential outputs was used instead of an LC-based one. Because 

the power consumption of a CMOS ring oscillator scales with the total switched 

capacitance and square of the supply voltage, its power dissipation drops more rapidly 

with the technology scaling and can be even lower than the power consumed by LC-

oscillators [75]. This simultaneously minimizes the power consumption as well as the 

chip area. Especially for generation of 4-phase non-overlapping LO signals, this type of 

relaxation oscillators is more area efficient than LC oscillators. The loop filter following 

the charge pump is designed to set the PLL bandwidth to ~3 MHz. The values of 
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capacitors C1, C2 and the resistor are 0.1 pF, 2 pF and 120 kΩ, respectively. Figure.5-3 

shows the oscillator structure [21]. It consists of a V-to-I converter and a 4-stage ring 

oscillator. This oscillator can provide up to 8-LO signal phases. However, only the 4 

phases are used for the quadrature down conversion in the receiver chain. The 

oscillator output buffer drives the frequency divider and interconnect line between the 

PLL and 25%-LO driver. The frequency divide-by-48 circuit utilizes conventional current 

mode logic (CML) divide-by 2 and 3 circuits and its simulated maximum operating 

frequency is ~9 GHz. 

 
 

Figure 5-2.  Charge pump based type-II phase locked loop (PLL) for generating local 
oscillator (LO) signal. 

 
 

Figure 5-3.  4-Stage ring oscillator. 
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Impedance Transformation Network 

The input impedance transformation network or tapped capacitor resonator is 

shown in Figure 5-4. This circuit consists of capacitors (C1 and C2) and shunt inductor 

(L1). This circuit has the ability to set the center frequency, quality factor (Q) of the 

network, and impedance transformation ratio. To simplify the analysis, some parasitic 

capacitance associated with capacitors and inductors are neglected and the inductor is 

assumed to have sufficiently high self-resonant frequency (SRF).  

C1

C 2Rs

L1

Rout

inv

outvci

 
 

Figure 5-4.  Tapped capacitor resonator as an impedance transformation network. 

To achieve high voltage gain and low noise figure from this network, passive 

components with high quality factor, Q, are necessary. However, Q for on-chip inductors 

is normally limited by the integrated circuit (IC) process. Careful consideration and 

design for passive components are necessary. Assuming that negligible current flows 

into the source resistance Rs, the voltage gain of this network can be approximated as 

[20] 
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For a lossless network, the impedance transformation ratio can also be approximated 

as 
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To better understand the effect of Q on the performance of this circuit, with shunt-to-

series transformation followed by series-to-shunt transformation as shown in Figure 5-5, 

the output impedance of the matching network is 
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Assuming that X2 << RS, the impedance transformation ratio in equation (5-3) is 

approximately equal to that in equation (5-2). In order to resonate at the desired 

frequency, the output impedance of composite RC network must present an imaginary 

part of equal magnitude but opposite sign to that of the inductor at the resonant 

frequency. Since the input of this network is connected at the node between C1 and C2, 

the parasitic capacitance associated with interconnect lines and additional components 

such as a bond pad, a bond wire and etc., must be carefully taken into account. By 

using the circuit in Figure 5-5, the resonant frequency of this network is 
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Figure 5-5.  Transformation of tapped capacitor resonator. 

 
 

Figure 5-6.  Resonant frequency, fo, of tapped capacitor resonator vs. variation of C2. 

Figure 5-6 shows a plot of resonant frequency of this resonator versus C2 while C1 

and L1 are kept constant. The initial value of C1, C2 and L1 needed to achieve the 

resonant frequency of 2.4 GHz are 340 fF, 320 fF and 13.5 nH, respectively. Note that 

these are not the actual values used in real design since additional parasitics 

associated with passive components and interconnect lines must be included in the final 

design. This plot shows that the resonant frequency of this tapped capacitor resonator is 
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relatively insensitive to the variation of C2. This is one of the major advantages of this 

transformation network and simplifies the design. 

The noise contribution of this network is mostly from both source resistance Rs 

and series resistance RL associated with the shunt inductor L1 (not shown in Figures 5-4 

and 5-5). To achieve a low noise factor, the total output noise due to RL should be 

minimized, or high QL is desirable. The relationship between the noise factor of this 

network and quality factor of the passive component can be considered by using the 

shunt-to-series transformation for RL and assuming 1,1 2
2

2 >>>> QQs and 12 >>LQ . Under 

this set of assumptions, the noise factor of can be approximated as 
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where |Xs|=|XL| at the resonant frequency. 

This analysis clearly shows that high quality factor of inductor, QL improves the 

noise performance. When matched, QL=Qs and the noise factor from (5-6) is equal to 2 

(or 3-dB noise figure). However, in actual design, Qs can be made less than QL to 

reduce the noise performance while trading some voltage gain due to the mismatch. 

Simulated performance of this matching network with varied QL is shown in Figures 5-7 

and 5-8. In this design, the impedance is transformed from 50-Ω RS to 1-kΩ Rout. From 

these simulations, high QL is desirable for this kind of matching network because it 

gives lower noise factor (or noise figure), and higher voltage gain. However, high Q for 

on-chip components, especially for the inductor, is difficult to achieve. Therefore, other 

types of inductors with higher Q such as bond wire or off-chip inductors were used to 

improve the performance of this matching network. 
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Figure 5-7.  Simulated performance of matching network with varying QL: noise figure 
and voltage gain. 

 

Figure 5-8.  Simulated performance of matching network with various QL: |S11| and |S22|, 
(|S22| is normalized with 1-kΩ source resistance). 
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Passive Mixers 

In this proposed radio, only one mixer performs frequency translation from RF to 

baseband or low IF. Therefore, the mixer is directly connected to the output of 

impedance transformation network. The passive mixer has been chosen in this design 

due to its high linearity, no dc power consumption and low flicker noise [71], [76]. This 

subsection describes the design of passive mixer. 

A single-balanced passive mixer has been chosen over a double-balanced 

passive mixer because the former requires a fewer number of LO drivers reducing 

power consumption and has 6-dB higher conversion gain than that of the double-

balanced passive mixer [71]. The circuit schematic and the small-signal equivalent 

circuit for a single-balanced passive mixer are shown in Figure 5-9. The circuit consists 

of two switching transistors (M1-M2), input capacitor (Cin), bias resistors (RBias), LO ac-

coupling capacitors (CLO) and load capacitors (CL). The LO ac-coupling capacitors are 

added to prevent low frequency noise flowing into the gates of switching transistors and 

to provide the flexibility for gate bias. VCM and VBias at the gate set the bias of the 

transistors. In the equivalent models, the switching transistors are modeled as switches 

and Ron is the on-resistance of the switching transistors. Ø1 and Ø2 are non-overlapping 

LO driving signals. 

To analyze the voltage conversion gain at 0-Hz offset, the square wave 

approximation for the conductance of switching transistors is used as shown in Figure 

5-10 [70], [71]. The RF input consists of both in-phase and quadrature-phase 

components. Multiplying the normalized RF input with the mixing pulse, (+1, -1), the 

voltage conversion gain is the difference voltage stored at node VC1 and VC2 where the 

voltage at each node is simply the average of the normalized input while the switch is 



 

102 

conducting. When the switch is conducting the output voltage is the sampled value of 

the normalized input, and the capacitance CL holds the output when the switch is off. 

Also, note that the quadrature-phase input produces a zero output. Therefore, the gain 

can be calculated by ignoring the quadrature components and it can be expressed as 
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where D is the conduction cycle, 0 < D < 0.5. Compared this conversion gain 

expression to that of the double-balanced passive mixer, 

D
DG doubleconv π
πsin

, = ,            (5-8) 

the conversion gain of the single-balanced passive mixer is 2 times or 6 dB higher [70], 

[71], [76]. Another way to simply explain this conversion gain difference is that the 

double-balanced mixer has differential input and output while the single-balanced mixer 

has a differential output but a single-ended input. 

 

 
 

Figure 5-9.  Schematic and equivalent models for a single-balanced passive mixer. 
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Figure 5-10.  Switching conductance with pulse approximation for mixer conversion gain 
analysis. 

The output impedance of single-balanced passive mixer can be calculated by 

using the equivalent model shown in Figure 5-11. By calculating the average current, IX, 

over a period, the output impedance of the mixer can be expressed as 
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and the mixer output pole formed by Rout and CL is 
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Figure 5-11.  Equivalent model for mixer output impedance calculation. 

The input impedance of the passive mixer is another important factor since the 

output of the impedance transformation network is directly connected to the input of 

passive mixer. Therefore, the input impedance of mixer must be relatively high so that 

the impedance transformation network can provide enough voltage gain and an 

appropriate impedance transformation ratio. The input impedance of mixer depends on 

the frequency offset between the RF input signal and the LO switching waveform, the 

duty cycle and the characteristics of LO signal, the size of the switching transistors, and 

the size of the load capacitors. Higher input impedance leads to smaller size of 

switching transistors and hence, lower power consumption in the LO driver circuit. 

However, the mixer noise performance degrades because the on resistance, Ron is 

high. Therefore, the optimum input impedance must be found.  

Figure 5-12 shows the simulated input impedance of a single-balanced passive 

mixer with varied RF input signal from 2.35 to 2.45 GHz using low leakage transistor of 

TI 45-nm CMOS. The source impedance used in this simulation is 1 kΩ which is the 

output impedance of the impedance transformation network. This simulation shows that 

the input impedance profile of the single-balanced passive mixer resembles that of an 

RLC resonator circuit with the center frequency and 3-dB bandwidth set by the LO 

frequency and mixer output pole, respectively. The input impedance is at its maximum 
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when the frequency offset of the RF input is 0 Hz and decreases to the minimum value 

as the frequency offset becomes larger. This frequency dependence is due to the 

attenuation from the output pole of the mixer (defined in equation 5-11) when the 

frequency offset is much greater than this dominant pole [70]. Therefore, the signals at 

small frequency offsets can pass through the mixer but those at large offsets are 

attenuated at both the output and input of mixer. The minimum level of the input 

impedance is determined by the size of switching transistors. Due to the power 

consumption constraint in the oscillator and its output driver circuit, the minimum input 

impedance of the mixer is limited at ~400 Ω. Although, the minimum impedance is not 

as low as a short circuit, some wideband interferers are still filtered out at the mixer 

input. This can help improve the wideband linearity. 

 
 

Figure 5-12.  Simulated real part of input impedance, Real(Zi), of a single-balanced 
passive mixer vs. RF input frequency (W/LMixer=1.6 µm/0.04 µm, ideal LO 
square drive with duty cycle=0.5, LO frequency=2.4 GHz). 
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The other important performance metric for a passive receiver front-end is the 

noise figure. A mixer is a linear periodically time varying (LPTV) system which a single 

frequency excitation can produce responses at a number of different frequencies [71], 

[76], [77]. Hence, all harmonics from the LO signal (mLO, where m is an integer) can 

down convert the associated RF noise, especially the thermal noise, and generate low 

frequency noise at the mixer output. Figure 5-13 shows the simulation result of the 

noise figure for a single-balanced passive mixer driven by an ideal LO square wave. It 

shows that as the size of transistors increases, the noise figure decreases. At low 

frequencies, noise figure increases due to the previously mentioned 1/f noise.  

 
 

Figure 5-13.  Simulated noise figure of a single-balanced passive mixer with various 
transistor sizes (ideal LO square drive with duty cycle=0.5, LO frequency=2.4 
GHz, source impedance=1 kΩ). 

In general, the dominant noise source for a passive mixer is the switches [76]; 

therefore, it is desirable to have wide switches to reduce the on-resistance and 
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associated thermal noise. However, once again, with the power consumption constraint, 

the switch size cannot be arbitrarily wide. Therefore, combining the passive mixer with 

the impedance transformation network can allow use of a smaller size for the switches 

while keeping the noise contribution from the mixer not too high due to the voltage gain 

of the input impedance transformation network. 

Baseband Amplifier 

The baseband amplifier is the first baseband stage following the mixer. A 

schematic of the baseband amplifier with gain control is shown in Figure 5-14. This 

circuit is based on an inverter amplifier with self-bias. Utilizing the current reuse 

technique, NMOS and PMOS transistors share the same bias current while increasing 

the total transconductance of the amplifier, GM=gmn+gmp. Transistors M6-M9 and 

resistors R1-R4 provide gain control step (6 dB per step) for the amplifier by applying 

bias voltage, 0 or Vdd, at the gates of these transistors.  
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Figure 5-14.  Baseband amplifier with gain control. 
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Since the preceding stage of baseband amplifier is purely passive, the noise 

contribution from the baseband amplifier becomes important, especially the low-

frequency noise component, e.g. flicker noise. The current reuse technique to increase 

the total transconductace in combination with a larger device size (W/LNMOS= 

W/LPMOS=1689.6 µm/0.1 µm) can mitigate the noise contributed by this stage without 

significantly increasing the power consumption. 

25% Local Oscillator (LO) Driver 

Due to the use of quadrature structure, non-overlapping LO signals are necessary 

to prevent the loading between I and Q channels [70], [72], [73], [78]. This reduces the 

mixer intrinsic loss and hence mixer noise factor. Figures 5-15 and 5-16 show the LO 

driver and 25% duty-cycle LO waveform from 4-phase 50% duty-cycle signals of PLL, 

respectively. The basic gates (NOR and INV) generate 25% LO signals. The size of 

these gates is kept as small as possible to reduce loading to the oscillator buffer. 

Following the NOR gate, buffers formed by cascaded inverters were used to drive the 

capacitive load due to the mixer, coupling capacitor parasitics and interconnects. 

 
 

Figure 5-15.  Schematic for 25% duty-cycle LO driver. 
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Figure 5-16.  25% duty-cycle LO wave form. 

µNode Receiver Front-End 

Figure 5-17 shows the simplified schematic of the µNode receiver front-end. A 

high-Q off-chip inductor (~6.2 nH, Q > 70) [79] and parasitic inductance from a PCB 

trace and a bond wire are used to implement L1. The capacitors C1 and C2 are 

implemented on chip by high-density metal flux capacitors [20] with capacitance of ~220 

and ~340 fF, respectively. Typically, the LO driver consumes a significant portion of the 

total power, thus its power consumption must be optimized. LO driver power 

consumption on first order depends on its capacitive load including the loading 

associated with the mixer switch transistors. Therefore, to reduce power consumption, 

LO driver and mixer switch transistor width must be co-optimized. Figure 5-18 shows 

simulated maximum conversion gain and spot noise figure at intermediate frequency of 

1 MHz versus mixer transistor width. To achieve noise figure of less than 10 dB, the 

transistor size for mixer can be small (W=1.6 µm, L=0.04 µm). The noise figure 

minimum is reached when the transistor width is ~1.6-2.5 µm. The small capacitive load 

associated with this transistor size in series with large coupling capacitor CLO (100 fF 
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with parasitic capacitance of ~3 fF compared to transistor gate capacitance of ~1 fF) 

increases the LO amplitude at the mixer and reduces loading to the LO driver. This can 

allow use of a smaller buffer with reduced power dissipation. Based on these, 1.6-µm 

width is chosen for the mixer switch transistors. 

 
 

Figure 5-17.  Simplfied schematic of µNode receiver front-end. 

This figure also shows the dependence of noise figure on the LO buffer stages. 

Adding a 2-stage buffer with the 2nd stage PMOS width=5.92 µm and NMOS width=2.4 

µm improves the noise figure by ~0.6 dB near the mixer transistor width of ~2 µm. The 

channel length is 0.04 µm. Adding a 4-stage buffer with 4th stage PMOS width=23.68 
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µm and NMOS width=9.6 µm, degrades the noise figure because of increased noise 

from the buffer. 

In these simulations, the power consumption of 25% LO generation circuit without 

a buffer, with a 2-stage buffer, and with a 4-stage buffer are 0.42, 0.56 and 1.4 mW, 

respectively. Since, adding no buffer would increase the sensitivity of circuit to layout 

and parasitic variations, a 2-stage buffer that also reduces noise figure has been 

chosen. This front-end in simulation achieves 42-dB conversion gain and 8.7-dB spot 

noise figure at 1-MHz offset. 

 
 

Figure 5-18.  Simulated conversion gain and noise figure of receiver versus the mixer 
transistor width. 
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Experimental Results 

Figure 5-19 shows a die photo of the fabricated chip. The circuit was fabricated in 

the TI 45-nm digital CMOS process that supports 7 metal layers and low leakage 

transistors. The actual circuit, excluding bond pads, locating at the top occupies area 

only ~270x450 µm2 while dc, ground and signal pads determine the total chip size. For 

measurements, the chip is mounted on an FR-4 printed circuit board (PCB). An off-chip 

inductor is placed closed to the chip to minimize the parasitics associated with the PCB 

trace. At the output, off-chip buffers [80] were used to convert the differential outputs to 

a single-ended output and to drive the 50-Ω input impedance of a spectrum analyzer. 

More details about the PCB design are discussed in Appendix A. 

 
 
Figure 5-19.  Chip die photo and a printed circuit board (PCB). 

Since off-chip buffers were used in this front-end measurement, noise contributed 

by external buffers must be significantly less than that by the front-end. Therefore, the 

test structure of the baseband amplifier needs to be characterized first. Figure 5-20 

shows the die photo of the on-chip baseband amplifier test structure and measured 

voltage gain and output noise. This amplifier achieves DC voltage gain of 26 dB with 
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gain step of ~5 dB and 3-db bandwidth of ~2 MHz. The measured output noise voltage 

is ~140 nV/√Hz at 100 kHz which agrees well with the simulated result. Compared to 

the input referred noise of the external buffer which is ~12 nV/√Hz at the same 

frequency [80], output noise of the on-chip baseband amplifier is much larger. So, noise 

contributed by the off-chip buffer can be neglected. 

 

Figure 5-20.  Baseband amplifier test structure and its measured performance. 

Figure 5-21 and 5-22 shows measurement setup and the measured PLL output, 

respectively. The external signal generator provides a 50-MHz frequency reference for 
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the PLL. An on-chip inverter buffer was used to measure PLL output. The peak output 

power is ~-4.7 dBm at 2.4 GHz. Measured phase noise is ~-92.8 and ~-89.3 dBc/Hz at 

1 and 5 MHz frequency offset, respectively. LO leakage at RF input is ~-74.2 dBm. The 

PLL provides 4-phase LO signals for the receiver front-end and measured |S11| of the 

front-end is shown in Figure 5-23. The resonant frequency is tuned at ~2.34 GHz due to 

the limited choices for the off-chip inductor values. However, |S11| is still <-10 dB at 2.4 

GHz. 

 

Figure 5-21.  Measurement setup. 
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Figure 5-22.  Measured PLL output. 

 
 

Figure 5-23.  Measured |S11| of the receiver front-end. 
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Figures 5-24 and 5-25 show measured voltage conversion gain and noise figure of 

the front-end, respectively. The front-end achieves voltage conversion gain of ~40 dB 

with 3-dB bandwidth of ~2 MHz. This bandwidth is lower than the design target of 2.5 

MHz in simulation due to additional parasitic capacitance from the off-chip buffer and 

PCB traces. At 1-MHz intermediate frequency, the double side band (DSB) noise figure 

is ~9.2 dB and the estimated 1/f noise corner is ~250 kHz. The noise figure increases at 

frequency > 4 MHz due to the gain roll-off of the off-chip buffer. 

 
 

Figure 5-24.  Voltage conversion gain of the receiver front-end. 

Figure 5-26 is the measured second-order and third-order input intercept points 

(IIP2 and IIP3, respectively) of the front-end at different IF frequencies. The spacing 

between two-tone signals is chosen so that the intermodulation, IM, products fall in-

band at 30 kHz for all cases. At low IF frequency, both IIP2 and IIP3 increase as the gain 

decreases [81] and flatten out or start to decrease at higher IF frequency. The decrease 



 

117 

of IIP2 at higher IF frequency is due to a gain roll-off from the baseband amplifier as well 

as the mixer nonlinearity [81], [82]. At 1-MHz IF frequency, the front-end achieves IIP3 

of ~-19 dBm and IIP2 of ~13 dBm. Because this front-end is focused on the integration 

of the receiver front-end and PLL to achieve very low power consumption and compact 

size, little effort was made to linearize the baseband and reject the interference. In 

future designs, re-designing the baseband circuits and utilizing the interference filtering 

can improve this linearity. 

 
 

Figure 5-25.  Measured noise figure of the receiver front-end. 

Figure 5-27 shows the breakdown of power consumption for the receiver. The 

receiver front-end including the 25% LO driver consumes power of ~1.6 mW, while the 

PLL including the oscillator buffer consumes ~1.9 mW. The power consumption of the 

oscillator buffer is separated from that of the PLL. Even after considerable efforts for 
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optimization, the majority of power is consumed by the PLL and LO generation circuits 

(an oscillator buffer and a 25% LO driver). The supply voltage for all the circuits was 1.1 

V except the 1.4V for the 25% LO driver. Table 5-1 compares the results from this work 

with those of other published low power front-end designs. Even with integration of a 

PLL, the design reported in this µNode front-end consumes lower power and occupies a 

smaller area than several while achieving useful conversion gain and noise figure. 

 
 

Figure 5-26.  Measured second-order and third-order input intercept points (IIP2 and 
IIP3). 

 
 

Figure 5-27.  Power consumption summary for µNode front-end. 
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Table 5-1. Performance comparison 
Parameters 

 
[70] [72] [73] [74] This work 

Freq.(GHz) 2.4 2.4 2 2.4 2.4 
Conv.Gain (dB) N/A 37 30 76 40 
NF (dB) 5.1 6 3.1 10 9.2 
1/f Corner (kHz) N/A N/A 40 N/A 250 
IIP3 (dBm) -7.5 -12 -12 -13 -19 
Area (mm2) 2.6 0.07 0.52 0.23 0.12 
VDD(V) 0.6 1.35 1.5 1.2 1.1/1.4 
Power (mW) 1.45 5.4 12 3.6 3.5 
Technology 130-nm 

CMOS 
90-nm 
CMOS 

130-nm 
CMOS 

90-nm 
CMOS 

45-nm 
CMOS 

Topology Mixer-first LNA-first LNA-first LNA-first Mixer-first 
LO Source Integrated 

VCO 
Ext. LO 
Drive 

Ext. LO 
Drive 

Integrated 
VCO 

Integrated 
PLL 

 

Summary 

This chapter presents the low-power receiver front-end for µNodes. To lower 

power consumption of analog chain of a receiver, in addition to using a matching 

network formed by a high-Q off-chip inductor and non-overlapping LO driver in 

combination with a passive front-end, a relaxation oscillator based PLL is utilized. The 

LO driver and passive mixer switch size are co-optimized for further reduction of power 

consumption. An analog receiver chain incorporating the PLL was fabricated in 45-nm 

CMOS and it achieves noise figure of 9.2 dB at 1MHz intermediate frequency, 

conversion gain of 40 dB while consuming 3.5 mW. The 3.5-mW peak power 

consumption can be supported by approximately a dime sized CR1025 lithium cell. 

Assuming 0.1% duty cycle, lifetime of more than 1 year can be supported by the battery. 
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CHAPTER 6 
SUMMARY AND SUGGEST FUTURE WORK 

Research Summary 

Approaches for making the µNode concept practical by lowering the operating 

frequency from 24 down to 2.4GHz are presented. Three major concerns for a single-

chip radio: a compact antenna, an ability to turn the system on and off without any 

mechanical switch and low-power consumption for longer life time are studied in this 

research work. 

The feasibility of compact antennas operating at 2.4 GHz is studied through 

antenna characterization for both off-chip and on-chip antennas. On-chip antennas, 

despite its short length, provide reasonable input impedance for matching at 2.4 GHz 

and they are less sensitive to the surrounding objects than off-chip antennas. This is a 

critical factor when a small-form factor is necessary. Based on simulations, it is still 

possible to form a wireless communication link at useful distances by a pair of 1-cm on-

chip antennas. 

By incorporating a 5.8-GHz wireless switch into a 2.4-GHz transceiver, the single 

chip radio for a µNode system can be turned on and off by using RF signals. The 

wireless switch achieves useful performance while its inclusion does not significantly 

degrade the performance of main transceiver. This eliminates the difficulty of 

incorporating a mechanical switch into a compact radio.  

A low power receiver front-end for a µNode RF subsystem is presented. The 

passive structure for this front-end as well as the utilization of a relaxation-oscillator 

based PLL suggests the feasibility of reducing the total power consumption and chip 

area while achieving reasonable performance for the communication link. These 
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suggest the feasibility of a practical M&MTM sized µNode with wireless communication 

capabilities. 

Suggested Future Work 

This research work presented the feasibility of realizing a practical 2.4-GHz µNode 

system. Each major component, an on-chip antenna, a wireless switch and a receiver 

front-end have been separately characterized. To demonstrate an M&MTM sized node, 

there are still much work to be completed. The list of suggested future work includes: 

Improve the Performance of On-Chip Antennas. 

Higher antenna gain is desirable because it increases the communication range 

and lowers the transmitted power. This benefits entire µNode system. Therefore, other 

possible approaches for antenna gain improvement such as thinning the substrate [83], 

etching the substrate [84] underneath the antenna and utilizing antenna loading 

techniques [30], [31] need to be studied. 

Improve the Performance of the Wireless Switch. 

The performance of wireless switch is directly related to the power conversion 

efficiency of the RF-to-DC converter. To improve its performance, other circuit 

topologies as well as design techniques should be studied. A low-power active-type for 

the wireless switch front-end should also be studied as another approach. 

Improve the Performance of the Receiver Front-End. 

The 2.4-GHz receiver front-end presented in Chapter 5 consumes low power while 

achieving useful performance. However, some performance metrics such as linearity 

still need to be improved. This can be done by redesigning the baseband amplifier, 

incorporating filtering techniques into the front-end to suppress interferences. For the 

baseband amplifier, the location of the attenuator (resistors R1 to R4 together with the 
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switch M6 to M9 shown in Figure 5-12) must be connected at the input of the amplifier 

rather than at the output. By doing so, the large signal will be attenuated before 

reaching the amplifier resulting in better linearity. Another approach to improve the 

linearity of the amplifier is to increase the allowable signal swing at the input. This can 

be done by employing wide-swing circuit topology.  

Complete the Receiver Chain. 

The baseband circuits for the µNode receiver need to be implemented. For 

example, the variable gain amplifier (VGA) and the channel-select filter need to be 

designed and integrated. Finally, the integration of wireless switch, on-chip antenna, an 

RF front-end and the baseband circuits needs to be done to complete the µNode 

receiver. 
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APPENDIX 
PRINTED CIRCUIT BOARD DESIGN 

Careful design of printed circuit board (PCB) for µNode front-end is necessary 

because there are no dedicated on-chip bias circuits and a high-Q off-chip inductor is 

also used as a part of the matching network for this µNode front-end prototype. Figure 

A-1 shows a die photograph of the front-end including bond pads. Most of the bond 

pads are for supply and ground connections. To reduce parasitics associated with the 

bond wires, several parallel connections especially for supply and ground were 

employed. Double rows of bond pads are used to accommodate the multiple 

connections as well as to keep the total chip area small. The size of the bond pad is 

63x68 µm2. The gap between the 1st and 2nd rows is 72 µm which is wide enough for 

wire bonding. 

 

Figure A-1.  Die micrograph of µNode front-end including bond pads. 
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Because PLL and LO driver circuits were integrated with the analog front-end, 

noise from digital circuits can couple to analog parts. To reduce this, inside the chip, 

analog ground was separated from digital ground. On-chip bypass capacitors (metal 

oxide semiconductor (MOS) capacitors) were used and placed close to each circuit 

block (2-5 pF) and every DC supply pad (10 pF). All ground connections were 

connected together on the PCB and off-chip bypass capacitors (10 µF) were also used 

and placed as close as possible to the chip. The minimum distance between the chip 

and off-chip component is limited by the design rule provided by the wire bonding 

company. Figure A-2 shows suggested bonding area for µNode front-end including the 

location of nearby off-chip components, the ceramic capacitor (case 0603) and the chip 

inductor (case 0402) [79]. The minimum PCB pad size for wire bonding is 127x400 µm2.  

 

Figure A-2.  Bonding area for µNode PCB. 

The off-chip inductor can be placed very close to the chip area due to its small 

footprint. This reduces the parasitics associated with PCB trace. To further minimize the 

parasitics, the ground plane on the bottom layer underneath the off-chip inductor is left 
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open. Figure A-3 shows the whole PCB layout for both the top and bottom layers and 

Figure A-4 is the top overlay layer describing the location of the components on the 

PCB. 

 

Figure A-3.  PCB layout for both top and bottom layers. 
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Figure A-4.  Top overlay layer describing the location of the components on PCB. 

Off-chip tantalum capacitors (1206) were used at the supply nodes. The off-chip 

AD8253 instrument amplifiers [80] were connected at the output of µNode chip to 

convert differential output into single-ended output and to drive a 50-Ω load. The supply 

pins of these circuits were separated from those of the µNode circuit because the 

supply voltage level is different. More details of these instrument amplifiers can be 

found in [80]. 
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