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5.2.4 Measurement Results 

Figure 5.26 shows a photomicrograph of (a) the first fabricated 2.4 GHz power amplifier, 

(b) the improved layout and (c) the thick-metal design [54-56]. The third layout is smaller 

since the output filter was removed; hence, only three inductors and less RF pads for the 

output, were needed. 

(c) 
Figure 5.26 Photomicrograph of(a) the first fabricated 2.4 GHz design, (b) the improved layout and (c) the 

thick-metal design [54-56] 

The same measurement setup previously explained, shown in Figure 5.11, was 

used to measure the three 2.4 GHz designs. Figures 5.27 and 5.28 show a comparison 

between the measured output power and the measured drain efficiency, respectively, of 

the non-filtered output in the three designs at a very low supply voltage of 0.8 V, as a 

function of the input frequency [56]. The input drive was fixed at -1.7 dBm during this 

sweep. 
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Figure 5.27 Comparison between the measured output power of the non-filtered output of the first design, 

the improved design and the design that uses a thick top metal layer at a supply voltage of0.8 V. as a 

function of the input frequency [56] 

Improving the layout, following the method described in the previous section, 

resulted in an 8 dB increase in output power from the first design to the improved design. 

This corresponded to a 27 % increase in drain efficiency. Shown in Figures 5.27 and 

5.28, the frequency tuning was improved to deliver peak output power and drain 

efficiency at exactly 2.4 GHz. Increasing the thickness of the top-metal layer resulted in 

an increase of 2.5 dB in output power, which corresponded to an increase of 20 % in 

drain efficiency. This was not only due to having inductors with double the quality factor, 

but it was also due to having interconnections with half the resistivity (when the top 

metal layer was used) without increasing parasitic capacitance. 

-~50 -

0.5 1.5 2.5 3.5 
Frequency (GHz) 

Figure 5.28 Comparison between the measured drain efficiency of the non-filtered output of the first 

design, the improved design and the design that uses a thick top metal layer at a supply voltage of0.8 V. as 

a function of the input frequency [56] 
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Figure 5.29 shows a comparison between the simulated and measured output 

power and drain efficiency for the filtered output in the frrst design as a function of the 

input frequency, at a supply voltage of0.8 V [54]. 
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Figure 5.29 Comparison between the measured and simulated output power and drain efficiency of the 

filtered output in the first design, as a function of the operating frequency, at a supply voltage ofO.B V [54] 

Figure 5.30 shows a comparison between the simulated and measured output 

power and drain efficiency for the non-filtered output in the second design as a function 

of the input frequency at a supply voltage of0.8 V [54]. The good match obtained is due 

to carefully modeling all the components of the layout, including the on-chip 

interconnections. 
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Figure 5.30 Comparison between the measured and simulated output power and drain efficiency of the 

non-filtered output in the improved design, as a function of the operating frequency, at a supply voltage of 

0.8 V[54] 
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Figure 5.31 shows a comparison between the measured and simulated output 

power and drain efficiency of the third design, with the thick top metal layer, as a 

function of the operating frequency, at a supply voltage of 0.8 V. The input power used 

for this sweep, and the previous two, was fixed at -1.7 dBm. Figures 5.32 and 5.33 show 

the measured output power, PAE and drain efficiency of the non-filtered and the filtered 

outputs respectively in the second design at 2.4 GHz, as a function of the supply voltages. 

The P AE was calculated at a constant input signal of -1.7 dBm. The circuit has a small 

signal power gain ranging from 14 to 17 dB for the non-filtered output, and 9 to 10 dB 

for the filtered output. Due to the losses in the on-chip filter, the output power drops by 3 

dB, which results in a 13 %drop in efficiency [55]. The output power is shown to be a 

strong function of the supply voltage, as anticipated by Equation 3.28. 
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Figure 5.31 Comparison between the measured and simulated output power and drain efficiency of the 

third design, as a function of the operating frequency, at a supply voltage of0.8 V [56] 
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Figure 5.32 Measured output power, PAE and drain efficiency (rf) of the non-filtered output in the second 

design at a frequency of2.4 GHz, as a function of the supply voltage [55] 
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In Figures 5.32 and 5.33, the supply voltage was varied between 0.6 and 1.4 V in 

the measurements; however, this circuit is not designed to operate with a supply above 

1.3 V or the active devices will suffer from breakdown due to the high drain voltage in 

class-E power amplifiers [55]. 
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Figure 5.33 Measured output power, PAE and drain efficiency (rt) of the filtered output in the second 

design at a frequency of 2.4 GHz, as a function of the supply voltage [55] 

Figure 5.34 shows a comparison between the filtered and non-filtered output 

power levels of the second design, as a function of the operating frequency for a supply 

voltage of 1.2 V [55]. The drop in output power at 2.4 GHz, results in an 8 % drop in 

efficiency. 
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Figure 5.34 Comparison between the measured output power of the filtered and the non-filtered outputs in 

the second design, at a supply voltage of 1.2 Vas a function of the operating frequency [55] 

Figure 5.35 compares the output spectrum corresponding to the signals shown in 

Figure 5.34 [55]. The filtered output drops below the non-filtered output at the 
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fundamental, second and third harmonics by 2, 9 and 14 dB respectively. It can be seen 

that the filter is not very effective due to the low-Q inductors used. However, the high 

frequency harmonics will be greatly attenuated when transmitted from inside the human 

body, so the filter can be removed in order to improve the efficiency, which is the utmost 

concern in biomedical implantable electronic systems. Since the expected non-filtered 

output signal of a class-E power amplifier is a half sinusoidal waveform, the odd 

harmonics are expected to have a higher value than the even harmonics, and this can be 

seen in Figure 5.35 [55]. 
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Figure 5.35 Comparison between the harmonic content of the filtered and the non-filtered outputs in the 

second design, at a supply voltage of 1.2 V and an input frequency of2.4 GHz [55] 

Figure 5.36 shows the measured output power of the non-filtered output in the 

second design, at an input frequency of at 2.4 GHz as a function of the input power for 

various supply voltages [55]. The 1 dB gain compression point increases as the supply 

voltage increases. Having a high compression point is not desirable in non-linear power 

amplifiers since an amplifier is most efficient when it is delivering its maximum output 

power, which occurs at the compression point. This effect is more apparent in Figure 

5.37, which shows the measured PAE of the non-filtered output in the second design, at 

an input frequency of 2.4 GHz, as a function of the input power for various supply 

voltages. A larger input drive is required to achieve peak PAE for a higher supply voltage 

due to the shift in the compression point. Increasing the supply voltage also results in 

having a higher drain voltage across the active device, which requires a larger gate 

voltage to keep the device operating in the linear region as a switch. This explains the 
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jump in output power, which can be seen in Figure 5.36 for the case of a supply voltage 

of 1.4 V as the input power exceeds -24 dBm. Before that point, the device is not 

operating in the linear region and is not switching properly; hence, the circuit is not 

operating as a class-E power amplifier. 
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Figure 5.36 Measured output power of the non-filtered output in the second design, at a supply voltage of 

0.6, 0.9 and 1.4 Vat a frequency of2.4 GHz, as a function of the input power [55] 
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Figure 5.37 Measured PAE of the non-filtered output in the second design, at a supply voltage of0.6, 0.9 

and 1.4 Vat a frequency of2.4 GHz, as a function of the input power [55] 

Figure 5.38 shows the measured output power, PAE and drain efficiency of the 

third design, with the thick top metal layer, for an input frequency of 2.4 GHz and an 

input drive of -1.7 dBm, as a function of the supply voltage [56]. The efficiency slightly 

increases with the supply voltage to the point at which the power amplifier is delivering 

its maximum output power; after that it does not increase since both the DC power and 

output power are increasing together. As the output power increases, the gain also 
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increases since the input power is fixed; as a result, the PAE approaches the drain 

efficiency as the supply voltage increases. Even at very low gain, the P AE of the circuit is 

still high (43%) at a very low supply voltage of0.6 V [56]. 
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Figure 5.38 Measured output power, PAE and drain efficiency (1'/) of the third design at an input frequency 

of 2.4 GHz, as a function of the supply voltage [56] 

Figure 5.39 shows the measured· output power, PAE and drain efficiency of the 

third design, as a function of the operating frequency at a supply voltage of 0.8 V and an 

input drive of -1.7 dBm [56]. The figure shows that the efficiency and output power are 

both accurately tuned to peak at 2.4 GHz. The output signal has a wide 3-dB bandwidth 

of 2 GHz since no band limiting output filter was used in this design. 

A comparison between the measured and simulated power gain, is shown in 

Figure 5.40, for a supply voltage of 0.8 V and an operating frequency of 2.4 GHz as a 

function of the input power [56]. As the input power approaches the point at which the 

amplifier delivers its maximum output power, where it is most efficient, the gain 

increases as a result of having proper switching operation, after that it decreases as the 

input exceeds the 1 dB gain compression point [56]. This is an expected behavior in non­

linear large signal circuits, since the circuit will not properly operate unless the input 

drive is high enough. 

The measured output power of the third design is shown in Figure 5.41 as a 

function of the input power for various supply voltages at an operating frequency of 2.4 

GHz [56]. The maximum gain is 20, 21.3 and 22.5 for supply voltages 0.6, 0.9 and 1.4 V 

respectively. Although the circuit has a small-signal gain ranging from 20 to 22 dB; this 

type of amplifier is usually driven at the saturation point to achieve maximum drain 
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efficiency. The input drive required to saturate the amplifier increases as the supply 

voltage increases since the compression point increases. A low supply voltage cannot be 

used in high power non-linear designs since they require maximum supply voltage to 

deliver a high output power with a reasonable output load. This figure shows that an 

added advantage of operating the amplifier at a low supply voltage is that the required 

input drive to achieve peak efficiency is lower for a lower supply voltage [56]. 
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Figure 5.39 Measured output power, P AE and drain efficiency ( rf) of the third design at a supply voltage of 

0.8 V, as a function of the input frequency [56] 
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Figure 5.40 Comparison between the simulated and measured power gain of the third design, at a supply 

voltage of0.8 V and operating frequency 2.4 GHz as a function of the input power [56] 
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Figure 5.41 Measured output power of the third design, as a function of the input power at an operating 

frequency of2.4 GHzfor various supply voltages [56] 

To have the active device in a class-E circuit operating as a switch, it should be 

operating in the linear region with a very low on-resistance. Increasing the supply voltage 

causes Vos to increase, which will require a larger Vas to operate in the linear region. 

Below a certain input power, the active device will not be properly switching and the 

circuit will not operate as a class-E power amplifier, causing a drop in the output power. 

At very low supply voltages, the input drive starting from -32 dBm is large enough to 

properly switch the device. However, the minimum required input power to keep the 

device in switch mode increases as the supply voltage increases, as can be seen from 

Figure 5.41. This causes a sudden jump in the output power as the input power increases 

beyond the minimum required drive. This effect is more apparent in Figure 5.42, where 

for input drive levels below -15 dBm, the amplifier has its highest P AE for the lowest 

supply voltage [56]. 
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Figure 5.42 Measured PAE of the third design, as a function of the input power at an operating frequency 

of 2.4 GHzfor various supply voltages [56] 
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Figure 5.43 shows the measured spectrum of the output waveform in the third 

design, for an input drive with an operating frequency of 2.4 GHz and a power level of -

1.7 dBm at a supply voltage of 0.8 V [56]. Although there is significant power in the 

higher order harmonics, the human body layers will greatly attenuate them, as previously 

mentioned. This figure also shows that the third order harmonic is higher than the second, 

proving that the desired half sinusoidal output waveform of a class-E power amplifier; 

was achieved. 
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Figure 5.43 Measured harmonic content of the output signal in the third design, at a supply voltage of 0.8 

V and an input frequency of2.4 GHz [56] 

5.3 Comparison and Summary 

This chapter presented the simulation and measurement results of the designed switch­

mode power amplifiers. Four circuits, sharing a common topology that uses a class-E 

output stage and a class-F driver stage, were discussed. 

The work presented in this chapter proves the feasibility of using class-E power 

amplifiers for low-power applications, where they were previously not considered 

suitable for such applications. This work [53-56] represents the first use of class-E power 

amplifiers for low-power applications. Although all the designs are fully-integrated, the 

obtained results greatly outperform all previously published works targeting low-power 

applications, as will be shown in Chapter 8. The thick top metal layer circuit presented in 

this chapter can operate with supply voltages ranging from 0.6 V to 1.4 V while 

maintaining high efficiency values above 50 %. The low supply voltage helped in 
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reducing the input drive requirement by reducing the compression point. Removing the 

output filter and relying on the human body layers to act as a filter for higher order 

harmonics, resulted in reducing the losses and improving the efficiency. And fmally, 

matching the output directly to a 50 Q load and avoiding the use of an output matching 

network, greatly improved the efficiency. 

Table 5.1 shows a summary of the key results presented in this chapter, where the 

designs are compared based on the FoM previously expressed by Equation 3.33. 

Table 5.1: Peiformance comparison between the presented power amplifier designs 

Small Gain 
Vee f Pout signal @ 11 PAE FoM 
(v) (GHz) (dBm) gain CP (%) {%) {dB) 

{dB) {dB) 

Filtered 0.65 0.65 -8.4 3.6 -1.4 2.6 -1 159 
First output 

Design Non-
Filtered 0.65 0.65 -1.2 10.6 5.8 14 9.7 173 
output 

Filtered 0.8 2.4 -4 7 4.7 5 3.5 180 
Second output 

Design Non- . 
Filtered 0.8 2.4 -6.5 2.3 2.2 2.6 1 174 
output 

0.6 2.4 0.4 9 7 20 16 188 
Filtered 
output 

1.2 2.4 6.8 12 8.6 24 21 190 
Third 

Design 

Non-
0.6 2.4 2.5 14 9.2 28 25 191 

Filtered 
output 

1.2 2.4 9.5 16 11.2 36 33 194 

0.6 2.4 5.2 20 12 46 43 196 

Fourth Design 

1.2 2.4 13 22 15 53 51 200 

• The non-filtered output should have a higher FoM than the filtered output, however, in this case the non­

filtered output has a lower FoM due to the layout parasitics. A long interconnection was used for the non­

filtered output that was routed through a number of high resistance vias. 
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Chapter 6 

LOCK-MODE POWER AMPLIFIERS-

MEASUREMENT RESULTS 

This chapter describes the design, simulation and measurement results of the two 

implemented lock-mode power amplifier circuits. All designs were fabricated and fully 

integrated in a standard mixed-signal CMOS 0.18 fllTI technology with 6 metal layers, 

with a 2 fllTI thick top-metal layer, provided by Taiwan Semiconductor Manufacturing 

Company (TSMC) through the Canadian Microelectronics Corporation (CMC). The two 

designs share a very similar architecture; however, each design was optimized to operate 

at a different frequency, to be able to test the effectiveness of the novel approach 

proposed. The first design was optimized to operate at frequencies ranging between 400-

440 MHz, aiming for the 405 MHz MICS band, and the 433 MHz ISM band and the 

second design was optimized to operate at 2.4 GHz targeting the 2.4 GHz ISM band. 

Section 6.1 presents the designed 400 MHz lock-mode power amplifier circuit, 

where the schematic simulation results are shown, then some layout considerations and 

techniques are discussed and fmally, the measurement results are presented. Section 6.2 

presents the designed 2.4 GHz lock-mode power amplifier circuit. Finally, Section 6.3 

presents the chapter's summary and compares the two designs presented in this chapter 

based on the FoM proposed in Chapter 3. 

Chapter 3 explained why power amplifiers targeting low output power 

applications have reasonably lower efficiencies than higher output power designs when 

fully-integrated, due to the need for larger inductors that have very low quality factors. 

The efficiency drops even further for low frequency operation, again due to the need for 

larger inductors. The large inductors required for such low-power designs not only 
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impact efficiency due to high losses, but also impact the total chip area. Differential 

designs require more of these large lossy on-chip inductors and suffer more both in 

efficiency and total area [57]. 

Traditional power amplifier designs for low-power applications use current-mode 

amplifiers [2, 52], such as class-A or class-AB to avoid output filters that degrade the 

efficiency, as previously mentioned. Current-mode power amplifiers are also favored for 

their higher linearity. Using switch-mode power amplifiers can achieve higher efficiency 

values, but on-chip filtering again requires the use of very high-Q inductors, which are 

not available in standard CMOS technology, especially at the relatively low frequencies 

of a few hundreds of megahertz [53-56]. In this chapter, a fully-integrated differential 

superharmonic injection-locked frequency divider {ll.-FD) is proposed to operate as a 

lock-mode power amplifier for low-power, short-range applications. ILFDs are based on 

injection-locked oscillators (ILOs), which are free running oscillators that can lock to the 

phase and frequency of an injected signal [61]. To the author's knowledge, this work [56] 

represents the first use of a superharmonic injection-locked oscillator as a power 

amplifier circuit. The main advantage of the proposed approach is that it can achieve a 

very high power gain from a single stage that is very efficient in terms of silicon die area. 

Figure 6.1 shows the basic schematic of the proposed lock-mode power amplifier 

[57]. The architecture itself has been previously explained in chapter 4, where it was 

presented as a direct-modulation transmitter. In Figure 6.1, this topology is used as a 

normal differential power amplifier stage, meaning that the transmitter system will still 

require all the stages that are prior to a power amplifier. 

In this design the incident frequency is divided by two. It could be argued that this 

presents an obstacle to practical application since it requires doubling the operating 

frequency of the previous RF stages. However, since the input power required to achieve 

mode-locking is very small, as will be shown in the following sections, the input drive is 

greatly reduced compared to a traditional power amplifier. This allows a doubling of the 

operating frequency of the previous stage without increasing the power consumption in 

that stage. Increasing the operating frequency from 433 MHz to 866 MHz, or from 2.4 

GHz to 4.8 GHz, also leads to smaller chip area and higher inductor quality factors for 

the previous RF stages [57]. 
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Figure 6.1 Basic schematic of the lock-mode power amplifier [57] 

6.1 First Power Amplifier Design 

The tuning network, shown in Figure 6.1, consists of an LC-tank using inductor L1 and a 

number of NMOS accumulation-mode varactors (Cv) that have a variable capacitance of 

1-3 pF. Inductor L 1 has a value of 18 nH with a low quality-factor of 2, which has a major 

effect on the efficiency of the circuit and its phase-noise performance. Since the operating 

frequency of this design is relatively low (433 MHz), the number of varactors used was 

increased to be able to use a smaller inductor. This also allowed for having a wider tuning 

range since 16 varactors were used in parallel. Although this circuit will not operate as a 

VCO, having a wide tuning range is useful since it allows for a wider locking range, 

which is the range of input frequencies that the circuit can lock to. The locking range is 

not directly affected by the tuning range, however, by varying the tuning and moving the 

free running oscillation closer to the locked frequency, the input drive required to achieve 
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locking is reduced, which will increase the gain. In order to reduce the input power 

required to achieve mode-locking, the circuit should be tuned as close as possible to half 

the frequency of the incident signal, since it will require a larger drive to lock or pull the 

output frequency when it is further away. 

Capacitors Cb act as DC-blocking capacitors with a value of 12 pF each and 

resistors R, each of 50 k.Q, provide a DC ground for biasing of the varactors. Each of the 

RF outputs goes to the 50 Q load of the measurement equipment directly without a 

buffer, which will be replaced by the differential transmission antenna in the final system. 

Transistors M1-M4 form the cross-coupled negative-gm differential pair. The NMOS 

devices have a total width of 200 J.lm using 80 fmgers and a length of 0.18 J.lm, while the 

PMOS devices have double the number of fingers to compensate for their lower mobility. 

The sizes of these transistors are chosen based on a trade-off between the required output 

power, operating frequency and achievable efficiency. This design was optimized for an 

operating frequency of 433 MHz and a differential output load of 100 n. Transistor M5 

has a total width of 250 J.lm using 100 fmgers and a length of 0.18 J.lm. It is used as a 

transconductance amplifier, with the output current following the input voltage signal. It 

acts as the input stage where the locking signal is applied. The biasing of transistor M5 is 

chosen to optimize the P AE since it has an affect on both the power gain and the drain 

efficiency. Transistor M 6 acts as a current source that can be controlled in order to vary 

the transmitted power. This is a long channel device that has a total width of 1.25 mm 

using 500 fingers and a length of 1 J.lm. 

6.1.1 Schematic Simulation Results 

The schematic simulations for this section were carried out using the Cadence 2003 

package, where the Virtuoso Schematic Editing tool was used for schematic entry and the 

Cadence SpectreRF tool was used as the circuit simulator. 

Figure 6.2 shows the simulation setup of the 400 MHz design. The blocking 

capacitors Cb and the blocking inductor Lb are ideal components that are not part of the 

circuit. Figure 6.3 shows the simulated output frequency of the 400 MHz design as a 

function of the input frequency for various input drives at a supply voltage of 1.5 V. The 

output power was not shown on the figure since it is roughly constant at 8 dBm. The 
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circuit is defined to be locked when the output frequency is exactly half the input 

frequency. At an input power of 0 dBm, the figure shows that the power amplifier is 

locked to the input signal for a range from 690 MHz to 940 MHz, which corresponds to a 

locking range of 125 MHz or 31 %. The high locking range is due to using a large input 

drive of 0 dBm, where the figure shows that the locking range decreases linearly with the 

input power. The points below 670 MHz and higher than 980 MHz are when the 

amplifier is not locked, which shows that their equivalent output frequency is not related 

to the input frequency. The drain efficiency is also shown in Figure 6.3. The drain 

efficiency peaks when the input frequency is close to double the free-running frequency. 

In this case; the circuit was tuned to be as close as possible to 433 MHz, which explains 

the increase in efficiency at that point. 

160x2.5J,J 
/0.18J,J 

17.7 nH 

Current 

~ !Vcs 
Figure 6.2 Schematic of designed 400 MHz lock-mode power amplifier simulation setup 
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Figure 6.3 Simulated output frequency of the 400 MHz design as a function of the input frequency, at a 

supply of 1.5 V and input drives of -10 dBm, -5 dBm, 0 dBm and+ 10 dBm. The locking range is shown to 

increase linearly with the input power up to 0 dBm, after which, it begins to saturate. The figure also shows 

the drain efficiency for an input drive of 0 dBm 

Figure 6.4 shows the simulated output power, drain efficiency and P AE of the 400 

MHz design as a function of the input power for an input frequency of 800 MHz, an 

output frequency of 400 MHz and a supply voltage of 1.5 V. The PAE overlaps with the 

drain efficiency at small input power levels since the gain is very high, after which, the 

P AE beings to drop as the gain decreases. As the input power increases to the large signal 

operation region, the input stage moves from being a transconductance stage to operating 

as a switch, which slightly increases the efficiency with less output power capabilities. 

-15 -10 -5 0 5 
Input Power {dBm) 

Figure 6.4 Simulated output power, drain efficiency and PAE of the 400 MHz design as a junction of the 

input power, at a supply voltage of 1.5 Vand an input frequency of BOO MHz 
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6.1.2 Layout 

The layout design was done using the Virtuoso Layout Editor tool available in the 

Cadence 2003 package. Figure 6.5 shows a screen capture of the 400 MHz power 

amplifier layout. The amplifier occupies an area of 0.9 mm2
, which is very small for a 

fully-integrated design at this frequency. In comparison, the design in [36] occupies an 

area of 0.9 mm2 but requires three off-chip capacitors and one 26 nH off-chip inductor. 

Figure 6.5 Screen capture of the 400 MHz power amplifier layout 

Figure 6.6 shows a screen capture of the varactor layout. Since the varactor used 

is an NMOS accumulation-mode varactor, it is laid out in anN-well with the source and 

drain shorted acting as one terminal, and the gate being the second terminal. The NMOS 

varactor uses 150 parallel transistors, each with a length and width of 0.5 ).lm and 2 ).lm 

respectively. The stacked transistors in this design, which have a source that is not 

connected to ground, were laid out in a deep-n-well layer to isolate the substrate of the 

transistor. In this way, the body can be shorted to the source of the transistor, following 

the RF model provided by the foundry. 

Source/ 
Drain Gate 

Figure 6.6 Screen capture of NMOS accumulation-mode varactor layout 
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6.1.3 Measurement Results 

Figure 6.7 shows a photomicrograph of the fabricated circuit that occupies an area of 0.9 

mm2 including the pads [51, 57] . Obviously the inductor is the most area consuming 

component on the layout, which makes this design attractive since it depends on only one 

inductor. 

Figure 6.7 Photomicrograph of the fabricated 400 MHz power amplifier [51 , 57] 

The chip was probed on-wafer using a ground-signal-ground configuration for the 

RF signals and a single pad for DC connections. The layout considerations mentioned in 

the previous chapter were adopted in this design. Measurements were performed by 

connecting one side of the differential output to the instrument and dummy-loading the 

other side with a 50 Q load. An HP-4145B semiconductor parameter analyzer was used 

to provide the biasing and to measure the DC power. The output signal was measured 

using an Agilent-E4440A spectrum analyzer and the input was provided by an Anritsu­

MG394A signal generator. Figure 6.8 shows a sketch of the measurement setup. 

Figure 6.9 shows the measured output power, drain efficiency and P AE of the 400 

MHz design as a function of the input power [57]. The sweep was done over the range 

where the power amplifier is locked and the output frequency is exactly half the incident 

frequency. The circuit has a very high small signal-gain of 30 dB from only one stage. 

However, the circuit reaches its gain compression point very fast due to the stacked 

nature of the topology used. Such a topology is considered a non-linear power amplifier 

design and should only be used with constant envelope modulation schemes, unless a 

linearity improvement technique is used. The figure shows a similar behavior to the 

simulation results shown in Figure 6.4; however the efficiency dropped considerably, 

although the output power is relatively similar. This can be explained due to the over 
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estimation in the quality factor of the inductor and MOS varactors in the equivalent 

circuit model provided by the foundry used in the simulations. When simulating the S­

parameters of the inductor, the obtained quality factor was in some cases 14 instead of 8. 

To verify the actual quality factor of the MOS varactors used, a number of test structure 

have been laid out to be characterized as part future work. 
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Figure 6.8 Setup used in measuring the 400 MHz power amplifier 
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Figure 6.9 The measured output power, drain efficiency and PAE as a function of the input power at a 

supply voltage of 1.5 V, an incident frequency of 866 MHz and an output frequency of 433 MHz [57] 
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Figure 6.10 shows the measured output power and drain efficiency as a function 

of the supply voltage. The sweep was done for an input power of -2 dBm however; the 

trend is the same for lower input power levels that satisfy locking. The drain efficiency is 

a weak function of the supply voltage since the amplifier is delivering its maximum 

output power. However, the output power is a strong function of the supply voltage since 

transistor M6 was biased with a gate voltage of 1.5 V, which drives the circuit into the 

voltage limited regime, as shown in Figure 6.11. In the current limited region, for gate 

bias voltages below 1 V, the output power is limited by the tail current source. This can 

help stabilize the output power against fluctuations in the supply voltage in the case of 

battery operated devices, for example. The efficiency is lower in the current limited 

region since the amplifier is not delivering its maximum output power. 
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Figure 6.10 The measured output power and drain efficiency as a function of the supply voltage at an input 

power of -2 dBm, an incident frequency of 866 MHz and an output frequency of 433 MHz [57] 
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Figure 6.11 The measured output power and drain efficiency as a function of the tail current source bias 

(transistor M6 in Figure 6.1) at a supply voltage of 1.5 V, an input power of -2 dBm, an incident frequency 

of 866 MHz and an output frequency of 433 MHz [57] 
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Figure 6.12 shows the measured drain efficiency and output frequency of the 400 

MHz design as a function of the incident frequency [57]. The figure shows a locking­

range of 200 MHz for the output signal and a peak drain efficiency of 16 %. The points 

below an input frequency of 600 MHz and above 1020 MHz are where the power 

amplifier loses track and is no longer locked to the input. An input power of -2 dBm was 

used in Figure 6.12, even though this is not the point of peak PAE, however, the figure 

shows how the tracking range can be extended with a higher input drive. In a practical 

system, the circuit should be tuned as close as possible to the expected frequency of 

operation to allow for high gain, as previously shown in Figure 6.9. In this case, a high 

tuning range is not needed since the only change in the input frequency will be due to the 

modulation scheme used, which is a very small change [57]. 

30~----------------------~ 

600 700 800 900 1000 
Input Frequency (MHz) 

Figure 6.12 The measured output power and drain efficiency as a function of the input frequency at a 

supply voltage of 1.5 V and an input power of -2 dBm [57] 

Figure 6.13 shows the real tuning range of the circuit in free-running mode, where 

during the sweep of one bias voltage, the other two were kept constant at 1.5 V, except 

for the tuning voltage, which was kept constant at 0.5 V [57]. No RF input was applied 

and transistor M5 was biased in the triode region with a gate voltage of 1.5 V. The 

voltages were swept over the ranges for which the circuit oscillates. The output frequency 

is a strong function of the tail current source bias in the current limited regime; however, 

it is hardly affected by the tail current bias in the voltage limited regime. The supply 

voltage was kept constant at 1.5 V as the tail current bias was varied. In the case of the 

supply voltage sweep, the tail current bias was kept constant at a value of 1.5 V to keep 
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the circuit operating in the voltage limited regime to able to see the effect of varying the 

supply voltage, since its effect on the oscillation frequency is negligible in the current 

limited regime. The figure shows that the output frequency is mostly affected by the 

tuning voltage, which gives a tuning range of 17 % [57]. 
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Figure 6.13 The measured output frequency of the free running amplifier design as afunction of the supply 

voltage, tuning voltage and tail current source bias [57] 

Figure 6.14 shows the measured output spectrum of the 400 MHz design, taken 

from a single-ended output, for the free-running mode and the locked mode with an input 

signal of -10 dBm and 866 MHz [57]. Even though the harmonics are lower for the 

locked operation mode, an output filter may be needed to filter out the third order 

harmonic. However, no filter was implemented in this design since the filtering will be 

done by the high frequency attenuation of the human body layers, as mentioned in the 

previous chapter. 
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Figure 6.14 The measured output spectrum taken from a single-ended output after loss compensation, at a 

supply voltage of 1.5 V for both the free running mode and the locked mode with an input power of -10 

dBm[57] 
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The phase noise measurements of the 400 MHz design are shown in Figure 6.15 

for the free running-mode with no RF input applied and a 0.9 V bias applied to the gate 

of transistor Ms, the locked-mode with a -20 dBm input RF signal with an in input 

frequency of 866 MHz and the noise injected from the signal generator at the same power 

level and frequency [57]. The improvement in phase noise between the free running­

mode and the lock-mode is obvious in the figure. The curve flattens out taking the shape 

of the phase noise characteristics of the input The 1/f 3 phase noise is higher in the 

locked-mode than the free running-mode since the 1/f3 phase noise injected by the source 

is actually higher than the 1/f 3 phase noise of the free-running circuit. This results in the 

1/f 3 phase noise of the locked operation mode ending up somewhere in between. In 

Figure 6.15, the free running operation mode shows a smooth phase noise up to an offset 

of 20 kHz after which some ripples appear. A possible explanation for these fluctuations 

may be due to a squegging effect. Squegging is a self-modulated behavior that is a result 

of an interaction between the high frequency tuning network and the biasing circuitry. It 

can be due to large coupling capacitors, a low-Q tuning network, or applying a large 

drive to the active device [62]. All three causes exist in this design and the design is 

currently being re-fabricating under different conditions to verify the actual cause of 

these fluctuations. 
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Figure 6.15 The measured phase noise in free running mode, with a 0.9 V gate bias applied to transistor 

M5, and in locking mode, with an input power of -20 dBm, at a supply voltage of 1.5 V [57] 

Figure 6.16 shows how the phase noise can be improved and the ripples can be 

eliminated by increasing the input drive to achieve better locking. Another method to 
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improve the phase noise of the circuit is by properly choosing the gate biasing of 

transistor Ms not only to achieve peak P AE, but also to meet the specific phase noise 

requirements. Figure 6.17 shows the effect of the gate biasing of transistor M5 on the 

phase noise performance of the circuit in the free-running mode [57]. These effects are 

discussed in more detail in Chapter 7 [51], where it will be shown that the phase noise is 

low when the circuit is well defmed to be operating in the current limited mode or in the 

voltage limited mode. At some point in between, the circuit is going through a transition 

from one mode to the other at which both modes can be competing, causing an increase 

in phase noise. An important point to note from this figure is that such bias points should 

be avoided to improve the phase noise performance of the circuit and it is not enough to 

aim for peak P AE when choosing the gate bias of the input stage. This effect is also 

observed on the tail current source, which should either be biased in weak inversion or 

biased with a high gate voltage, such that the device enters the triode mode to avoid 

transitional bias points [57]. 
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Figure 6.16 The measured phase noise in the locking-mode, with an input power of -20 dBm and an input 

power of -40 dBm, at a supply voltage of 1.5 V [57] 
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Figure 6.17 The measured phase noise in free-running mode with no RF input applied, for various gate 

bias voltages applied to transistor Ms. at a supply voltage of 1.5 V [57] 

6.2 Second Power Amplifier Design 

The 2.4 GHz design has the same architecture of Figure 6.1; however only two varactors 

were used. Inductor Lt in this design has a value of 2.3 nH with a quality-factor of 8. In 

transistors M1-M4, the NMOS devices have a total width of 175 J.tm using 70 fingers and a 

length of 0.18 J.tm, while the PMOS devices have double the number of fmgers. 

Transistors M5 and M6 have the same aspect ratios of the 400 MHz design. 

6.2.1 Schematic Simulation Results 

This design uses the same simulation setup previously shown in Figure 6.2. Figure 6.18 

shows the simulated drain efficiency and output frequency of the 2.4 GHz design as a 

function of the incident frequency. The output power was not shown on the figure since it 

is roughly constant in the range of 6.5 dBm to 7.5 dBm. The figure shows that the power 

amplifier is locked to the input signal for a range from 4.1 GHz to 4.9 GHz, which 

corresponds to an output locking range of 400 MHz or 16 %. The circuit was tuned to be 

as close as possible to 2.4 GHz, which explains the increase in efficiency at that point. 
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Figure 6.18 Simulated drain efficiency and output frequency of the 2.4 GHz design as a function of the 

incident frequency, at a supply voltage of 1.5 V and an input drive ofO dBm 

6.2.2 Layout 

Figure 6.19 shows a screen capture of the 2.4 GHz power amplifier layout. The amplifier 

occupies an area of0.6 mm2
. 

Figure 6.19 Screen capture of the 2.4 GHz power amplifier layout 

6.2.3 Measurement Results 

Figure 6.20 shows a photomicrograph of the fabricated circuit that occupies an area of 0.6 

mm2 including the pads [51, 57]. 
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Figure 6.20 Photomicrograph of the fabricated 2.4 GHz power amplifier [51 , 57] 

Figure 6.21 shows the measured output power, drain efficiency and P AE of the 

2.4 GHz design as a function of the input power [57]. The sweep was done over the range 

where the power amplifier is locked and the output frequency is exactly half the incident 

frequency. The circuit has a very high small-signal gain of31.3 dB from only stage and it 

reaches its gain compression point immediately, unlike the 400 MHz design. Again, this 

circuit is considered a non-linear PA design and should only be used with constant 

envelope modulation schemes. However, unlike other non-linear power amplifiers such 

as class-E, the required input drive is very low, which allows the circuit to achieve very 

high gain from a very small die area. 
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Figure 6.21 The measured output power, drain efficiency and PAE as a function of the input power at a 

supply voltage of 1.5 V, an incident frequency of4.8 GHz and an output frequency of2.4 GHz [57] 
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Figure 6.22 shows the measured output power and drain efficiency as a function 

of the supply voltage. The sweep was done for an input power of -2 dBm however; the 

trend is the same for lower input power levels that satisfy locking. The drain efficiency 

increases to the point which the amplifier is delivering its maximum output power, after 

which it is constant since it is a weak function of the supply voltage. Transistor M6 was 

biased with a gate voltage of 1.5 V to keep the circuit in the voltage-limited regime, as 

shown in Figure 6.23 [57]. 
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Figure 6.22 The measured output power and drain efficiency as a function of the supply voltage at an input 

power of -2 dBm, an incident frequency of4.8 GHz and an output frequency of2.4 GHz [57] 
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Figure 6.23 The measured output power and drain efficiency as a function of the tail current source bias 

(transistor M6 in Figure 6.1) at a supply voltage of 1.5 V, an input power of-2 dBm, an incident frequency 

of4.8 GHz and an output frequency of2.4 GHz [57] 
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Figure 6.24 shows the measured drain efficiency and output frequency of the 2.4 

GHz design as a function of the incident frequency [57]. The figure shows a locking­

range of 178 MHz for the output signal and a peak drain efficiency of 27 %. The 

efficiency is higher due to the increase in the Q-factor of the LC tank. The free-running 

tuning range of the circuit is shown in Figure 6.25 [51, 57], where during the sweep of 

one bias voltage; the other two were kept constant at 1.5 V, except for the tuning voltage, 

which was kept constant at 0.5 V. No RF input was applied and transistor M5 was biased 

with 1.5 V. Figure 6.25 shows that the output frequency is mostly affected by the tuning 

voltage, which gives a tuning range of9 %. 
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Figure 6. 24 The measured output power and drain efficiency as a function of the input frequency at a 

supply voltage of 1.5 V and an input power of -2 dBm [57] 
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Figure 6.25 The measured output frequency of the free-running amplifier as a function of the supply 

voltage, tuning voltage and tail current source bias [51, 57] 
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Figure 6.26 shows the measured output spectrum of the 2.4 GHz design for the 

free-running mode and the locked-mode with an input signal of -10 dBm and 4.8 GHz 

[57]. Even though the output was not measured differentially and no output filter was 

used, the higher order harmonics are more than 27 dB below the fundamental. 
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Figure 6.26 The measured output spectrum taken from a single-ended output after loss compensation, at a 

supply voltage of 1.5 Vfor both the free-running mode and the locked-mode with an input power of -10 

dBm[57] 

The phase noise measurements of the 2.4 GHz design are shown in Figure 6.27 

[57]. The figure shows the phase noise of the free-running mode with no RF input applied 

and a 0.9 V bias applied to the gate of transistor M5 compared to the locked-mode with a 

-10 dBm input RF signal with an in input frequency of 4.8 GHz. The figure also shows 

the noise injected from the signal generator at the same power level and frequency. The 

injection-locking improves the phase noise performance of the circuit making it suitable 

to be used as an output stage. The same gate biasing effects of transistor M5, previously 

shown in Figure 6.17, were also observed in this design and will be further explained in 

Chapter 7 [51]. 
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Figure 6.27 The measured phase noise in free-running mode, with a 0.9 V gate bias applied to transistor 

M5, and in locking mode with an input power of -10 dBm, at a supply voltage of 1.5 V [57] 

6.3 Comparison and Summary 

This chapter presented the simulation and measurement results of a novel lock-mode 

power amplifier design. Two circuits, sharing a common topology that uses a cross­

coupled negative-gm voltage-controlled oscillator, were discussed. 

The work presented in this chapter tested the feasibility of using a superharmonic 

injection-locked oscillator as a power amplifier [57]. This topology allows for on-chip 

integration in a very small area while maintaining good performance and providing very 

high power gain (30 dB) from a single stage. The two designed circuits were tested in a 

standard CMOS 0.18 J.Lm process targeting the 2.4 GHz ISM band, the 433 MHz ISM 

band and the 405 MHz MICS band. The phase noise characteristics of the two designs 

were also presented and some recommendations were given to reduce the phase noise. 

This work contributes considerably to the reduction of transmitter die area 

targeting more compact, miniscule designs that are suitable for emerging low-power 

applications such as wireless body area networks and biomedical implantable electronic 

circuits. Table 6.1 shows a summary of the key results presented in this chapter, where 

the designs are compared based on the FoM previously expressed by Equation 3.33. 
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Table 6.1: Performance comparison between the presented lock-mode power amplifier designs 

Voc f Pout Power gain 11 PAE Die area FoM 
(v) (GHz) (dBm) (dB) (%) (%) (mm2

) (dB) 

First 1.5 0.433 6.3 30 14.5 14.5 0.9 194 
Design 

Second 1.5 2.4 7.6 31 25 25 0.6 213 Design 
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Chapter 7 

DIRECT-MODULATION TRANSMITTERS-

MEASUREMENT RESULTS 

This chapter describes the design, simulation and measurement results of the two direct­

modulation transmitter circuits implemented. All designs were fabricated and fully 

integrated in a standard mixed-signal CMOS 0.18 J.LII1 technology with 6 metal layers, 

with a 2 !J.m thick top-metal layer, provided by Taiwan Semiconductor Manufacturing 

Company (TSMC) through the Canadian Microelectronics Corporation (CMC). The two 

designs share a very similar architecture; however, each design was optimized to operate 

at a different frequency, to be able to test the transmitter proposed at multiple bands such 

as the 405 MHz MICS band, the 433 MHz ISM band and the 2.4 GHz ISM band. 

Section 7.1 presents the designed 400 MHz direct-modulation transmitter circuit, 

where the schematic simulation setup is shown, followed by the measurement setup and 

the measurement results. Section 7.2 presents the designed 2.4 GHz direct-modulation 

transmitter circuit. Finally, Section 7.3 presents the chapter's summary and compares the 

two designs presented in this chapter based on the FoM proposed in Chapter 4. 

The two transmitters described in this chapter show the feasibility of using a 

CMOS voltage-controlled power oscillator (VCPO) for fully-integrated single-block 

direct-modulation with comparable performance to other technologies. The concept of 

how a VCPO can be used as a single block transmitter was previously explained in 

Chapter 4. The main drawback of the architectures shown in Figure 4.1 is the frequency 

drift since the VCO or VCPO are used in open-loop. The architecture can be improved by 

implementing a phase-locked loop (PLL), which will stabilize the frequency against any 

drift that might occur with temperature variations, for example. This will be further 
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explained in Chapter 8 as future work. In implantable biomedical electronic systems, 

using an open-loop architecture is feasible since the receiver is external and sufficiently 

powered, so the complexity can be increased on the receiver side to track any change in 

the transmitted signal [51]. 

Figure 7.1 shows the basic schematic of the proposed single stage direct­

modulation transmitter, which was previously explained in chapter 4. There are two sets 

ofMOS varactors shown in Figure 7.1, where each can be controlled separately. The first 

control-voltage is used to tune the frequency of oscillation, which represents the carrier 

frequency in this topology, while the second input is used for modulation by inputting the 

digital baseband information directly to the MOS varactors. Having two separate inputs 

can only be done if the frequency is low enough to allow for the number of MOS 

varactors required, which is not always the case. 

Since the main architecture of this topology is very similar to the topology 

presented in Chapter 6, which was used as a mode-locking power amplifier; both ideas 

can be tested on the same design by changing the simulation and measurement setup. 

Overlapping two circuit ideas together usually involves some sort of compromise in their 

performance to meet the requirements of both designs. This slightly degraded the 

performance of the transmitter; however, the concept was proven. This chapter will focus 

more on the measurement results, since the layout and schematic design were previously 

shown in Chapter 6. 
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Figure 7.1 Basic schematic of the direct-modulation transmitter 

7.1 First Transmitter Design 

The same component values used in the 400 MHz mode-locking power amplifier design, 

previously discussed in Section 6.1, were used in this design since the component values 

were optimized to be able to test both circuit ideas on the same layout. Rather than 

having an RF input as in the lock-mode power amplifier, the circuit was used as a free­

running power oscillator. For this reason, the transconductance stage, used for amplifying 

the RF input, was biased in the triode region with a high gate voltage. 

7.1.1 Schematic Simulation Setup 

The schematic simulation setup used for this design is shown in Figure 7.2. 
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Figure 7.2 Basic schematic of the direct-modulation transmitter simulation setup 

7 .1.2 Measurement Results 

The chip was probed on-wafer using a ground-signal-ground configuration for the 

RF signals and a single pad for DC connections. Measurements were performed by 

connecting one side of the differential output to the instrument and dummy-loading the 

other side with a SO Q load. An HP-414SB semiconductor parameter analyzer was used 
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to provide the biasing and to measure the DC power. The output signal was measured 

using an Agilent-E4440A spectrum analyzer and the baseband modulation was provided 

using a Wavetek-178 waveform synthesizer. Figure 7.3 shows a sketch of the 

measurement setup. 

Waveform Synthesizer 
Wavetek-178 

DC 

l 
\ 
' 

Spectrum analyzer 
Agilent-E4440A 

~--........ --

~ ---' ltla 

son • 

Parameter Analyzer 
HP41458 

dummyl!:r load 
(I} 

Figure 7.3 Setup used in measuring the 400 MHz direct-modulation transmitter 

Figure 7.4 shows the measured output power and drain efficiency of the 400 MHz 

design as a function of the supply voltage [51]. The sweep was done over the voltage 

range for which the circuit oscillates. Since the output voltage swing increases with a 

higher supply voltage, the output power also increases. The P AE in such a design is equal 

to the drain efficiency since the power gain can be considered infmite because the input 

power, which is the power required to drive the varactors by the digital baseband signal, 

is negligible. Figure 7.4 also shows the spectrum of the output signal. The second and 

third-order harmonics are approximately 30 dB below the fundamental. 
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Figure 7.4 The measured output power and drain efficiency of the 400 MHz design as a function of the 

supply voltage. The figure also shows the spectrum of the output signal [51] 

Figure 7.5 shows the measured output power and drain efficiency of the 400 MHz 

design as a function of the tail current source biasing, at a supply voltage of 1.5 V [51]. 

The gate biasing of the tail current source can be used to control the output power. As the 

tail current bias increases, the oscillator moves from the current limited regime to the 

voltage limited regime at a transition gate bias of 0.7 V. Increasing the gate bias of the 

tail current source no longer has an effect on the output power in the voltage limited 

regime; however, the efficiency slightly increases since the resistance of transistor M5 is 

reducing as Vgs increases; causing less power loss in the active device. 

12~----------------------~16 

0.6 0.8 1.0 1.2 1.4 1.6 1.8 
Tail Current Source Bias (V) 

Figure 7.5 The measured output power and drain efficiency of the 400 MHz design as a function of the tail 

current source bias (transistor M5 in Figure 7.1), at a supply voltage of 1.5 V [51] 

Figure 7.6 shows the output frequency of oscillation of the 400 MHz design as a 

function of the supply voltage, the tuning voltage, the modulation voltage and the tail 

current source bias [51]. During the sweep of one bias voltage, the other biases were kept 

constant at 1.5 V, except for the tuning and modulation voltages, which were kept 
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constant at 0.5 V. Based on the modulation voltage signal only, the circuit has a tuning 

range of 16 %, due to the large number of varactors used. The circuit can be tuned to 

operate in both the 433 MHz ISM band and the European 405 MHz MICS band. 
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Figure 7.6 The measured output frequency of oscillation of the 400 MHz design as a function of the supply 

voltage, tuning voltage, modulation voltage and tail current source bias [51] 

7.2 Second Transmitter Design 

This design was previously explained; however, having a separate tuning input was not 

possible since only two MOS varactors were used. This section will go directly into the 

measurement results since the design; simulations and layout were previously covered. 

Figure 7. 7 shows the measured output power and drain efficiency as a function of 

the supply voltage [51]. The figure also shows the output spectrum where the harmonics 

are shown to be 30 dB below the fundamental. 
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Figure 7. 7 The measured output power and drain efficiency of the 2.4 GHz design as a function of the 

supply voltage. The figure also shows the spectrum of the output signal [51] 
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Figure 7.8 shows the measured output power and drain efficiency of the 2.4 GHz 

design as a function of the tail current source biasing and the tuning voltage applied to the 

varactors at a supply voltage of 1.5 V [51]. The output power slightly drops as the 

varactor tuning voltage increases since the quality-factor of the varactors goes down, 

which results in a drop in efficiency. 
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Figure 7.8 The measured output power and drain efficiency of the 2.4 GHz design as a function of the tail 

current source bias (transistor M5 in Figure 7.1) and the tuning voltage applied to the varactors, at a 

supply voltage of 1.5 V [51] 

The phase noise measurements of the 2.4 GHz design are shown in Figures 7.9 

and 7.10 [51]. The phase noise is shown in Figure 7.9 for various control voltages applied 

to the gate of the tail current source (transistor Ms in Figure 7.1). The phase noise 

generally decreases as the circuit goes more into the voltage limited regime. Since the 

frequency of oscillation of the circuit in the current limited mode is very sensitive to the 

value of the biasing current, as previously shown in Fig 6.25, the slow random 

fluctuations in the tail current cause the frequency to drift, resulting in phase noise. Low­

frequency noise and flicker noise generated by the tail current source both up-convert 

into 1/f 3 phase noise causing modulation of the biasing current and the amplitude of the 

output signal. The 1/f 2 phase noise also reduces in the voltage limited mode since the 

current source is the main contributor of 1/f 2 due to the down-conversion of white 

channel noise at the current source where the frequency is double the output frequency 

[63]. The phase noise is not shown in Figures 7.9 and 7.10 for higher voltage levels since 

they have the same trend. 
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Figure Z9 The Measured phase noise of the 2.4 GHz design for various tail cu"ent source control voltages 

applied to transistor M"' at a supply voltage of 1.5 V [51] 

In Figure 7.9, the curve of 0.6 V control voltage stands out with an increase in the 

llf 3 phase noise. When looking carefully at the curves, the phase noise is low for both 

biasing points before and after the 0.6 V curve. At low biases such as 0.55 V, the circuit 

is well defmed to be operating in the current limited mode, while at high voltages of 

above 0.7 V, the current source looses its effect and the circuit is operating in the voltage 

limited regime. At some point in between, the circuit is going through a transition from 

one mode to the other at which, both modes can be competing; causing an increase in 

phase noise. This effect was also tested on the transconductance transistor, although it 

was not used as part of this design, the phase noise result is shown in Figure 7.10, where 

the same behavior is observed. An important point to note from both Figures 7.9 and 7.10 

is that such bias points should be avoided to improve the phase noise performance of the 

circuit and the tail current source should either be biased in weak inversion or biased with 

a high gate voltage, such that the device enters the triode mode. The 2.4 GHz design has a 

phase noise of -90 dBc/Hz at a 50 kHz offset and a phase noise of -122 dBc/Hz at a 1 

MHz offset with a gate biasing voltage of 1.5 V applied to both the transconductance 

transistor and the tail current source transistor [51]. 
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Figure 7.10 The Measured phase noise of the 2.4 GHz design for various gate bias voltages applied to the 

transconductance transistor, which was not used in this design, at a supply voltage of 1.5 V [51] 

Figure 7.11 shows the measured output power spectrum of the 2.4 GHz design in 

FSK mode; taken from a single-ended output at a supply voltage of 1.5 V [51]. The two 

peaks are 380kHz apart, modulated by a 1 MHz, 5 mV square wave applied to the MOS 

varactors. Figure 7.12 shows the transmitter output spectrum of the single-ended output 

with the Bluetooth spectrum emission mask at a supply voltage of 1.5 V [51]. The 

Bluetooth spectrum emission mask was applied by the spectrum analyzer as a pass or fail 

test that indicates if the out-of-band emissions exceed the specifications of the Bluetooth 

standard. Although Bluetooth uses Gaussian-FSK (GFSK) modulation, which was not 

used here, the Bluetooth spectrum emission was applied as a proof of concept only. 

2.441 2.446 
Frequency (GHz) 

2.451 

Figure 7.11 The Measured output spectrum of the 2.4 GHz design, FSK modulated at 1 Mbitls and ± 190 

kHzfrequency deviation, at a supply voltage of 1.5 V [51] 
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Figure 7.12 Bluetooth data spectrum emission mask [51] 

7.3 Comparison and Summary 

This chapter presented the measurement results of a direct-modulation transmitter design. 

Two circuits, sharing a common topology that uses a cross-coupled negative-gm voltage­

controlled oscillator, were discussed. 

The work presented in this chapter demonstrates the feasibility of performing 

direct-modulation using a voltage controlled power oscillator as a single-block short­

range transmitter in standard CMOS technology. Two circuits were designed and tested 

targeting the 2.4 GHz ISM band, the 433 MHz ISM band and the 405 MHz MICS band. 

This work contributes considerably to the reduction of transmitter die area and 

power consumption, leading to simpler and more efficient designs that are suitable for 

emerging low-power applications such as wireless body area networks. Table 7.1 shows a 

summary of the key results presented in this chapter, where the designs are compared 

based on the FoM previously expressed by Equation 4.1 [51]. 
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Table 7.1: Peiformance comparison between the presented VCPO designs [51] 

400 MHz Design 2.4 GHz Design 

Output Power 6.5dBm 8dBm 

Power Dissipation 31 mW 23mW 

Supply Voltage 1.5 v 1.5 v 
FSKFdev ±15kHz ±190kHz 

Data Rate 500 kbit/s 1 Mbit/s 

Phase Noise @ 1 MHz -120 dBc/Hz -122 dBc/Hz 

Sidebands -48 dBc -34 dBc 

Technology 0.18 IJm CMOS 0.18 IJm CMOS 

Die Area 1.5 mmx 0.6mm 1 mm x 0.6 mm 

FoM 158 dB 166 dB 
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Chapter 8 

CONCLUSIONS AND FUTURE WORK 

This thesis studied the design of integrated power amplifier circuits for biotelemetry 

applications in CMOS technology. The objective of this work is to improve the efficiency 

of RF low-power transceivers that are suitable for biomedical applications and operate 

from very low-supply voltages; or short-range applications that do not require large 

output power levels, such as wireless sensor networks. Since the power amplifier is the 

most power consuming block of an RF transceiver, this work focused on improving the 

efficiency of power amplifiers with low output power levels; and thus improving the 

global efficiency of the transceiver. After designing efficient power amplifiers suitable 

for low output power applications, the next step was to try some non-conventional 

techniques to simplify the RF transceiver and improve its efficiency. This was presented 

by testing the feasibility of using a voltage controlled power oscillator as a single-block 

direct-modulation transmitter. 

8.1 Contributions and Summary 

This work started by examining the challenges met in designing power amplifiers with 

low output power levels and clearly explaining these challenges, since low-power 

amplifiers were not thoroughly researched in previous publications. 

The first use of a class-E (switch-mode) power amplifier for low-power 

applications was presented in this work, where traditionally, current-mode power 

amplifiers were used. The four class-E layouts presented in this work showed the 

feasibility of using class-E power amplifiers for low-power applications. The effects of 

the on-chip layout parasitics on low-power amplifier designs were also discussed, and a 
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program that was designed to calculate the component values used in the equivalent 

circuit of the parasitic layout interconnections, was also presented. The effects of using 

an on-chip filter were also presented, showing how the efficiency of the power amplifier 

can be improved by avoiding the on-chip filter and depending on the human body layers 

for filtering higher order harmonics. The effects of the resistive losses on the 

interconnections were also presented, showing how the results can be improved by 

increasing the metal thickness and inductor quality factor. The measurement results of the 

thick top-metal layer class-E power amplifier presented show a maximum drain 

efficiency of 53 % and a maximum gain of 22 dB, at a frequency of 2.4 GHz. When 

operating from a 1.2 V supply, the PA delivers an output power of 14.5 mW with a PAE 

of 51 %. The supply voltage can go down to 0.6 V with an output power of 3.5 m Wand a 

PAEof43 %. 

Furthermore, this work presented a novel power amplifier design, using 

superharmonic injection-locking that allows for very high gain from a single stage. The 

two mode-locking circuits targeted the 2.4 GHz ISM band, the 433 MHz ISM band and 

the 405 MHz MICS band. The phase noise characteristics of the two designs were also 

presented and some recommendations were given to reduce the phase noise. The mode­

locking designs contribute considerably to the reduction of transmitter die area. The 

measurement results of the 2.4 GHz design show that the fabricated ILP A has a 

maximum gain of 31 dB from only one stage, an output power of 7.6 dBm from a 1.5 V 

supply voltage and a DC current of 15 rnA. The chip area is only 0.6 mm2 with all 

components fully integrated. 

Finally, this work also demonstrated the feasibility of performing direct­

modulation using a voltage-controlled power oscillator as a single-block short-range 

transmitter in standard CMOS technology. Two circuits were designed and tested 

targeting the 2.4 GHz ISM band, the 433 MHz ISM band and the 405 MHz MICS band. 

Some important recommendations were also given on the phase noise performance of 

these designs, where the effect of the tail current source gate biasing was discussed. This 

work contributes considerably to the reduction of transmitter die area and power 

consumption. The measurement results of the 2.4 GHz transmitter show a drain 

efficiency of 27 %. When operating from a 1.5 V supply, the transmitter delivers an 
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output power of 8 dBm with a low phase noise of -122 dBc/Hz at a 1 MHz offset. The 

chip areas of the two fabricated transmitters are only 0.6 mm2 and 0.9 mm2 for the 2.4 

GHz design and the 433 MHz design respectively, with all components fully integrated. 

Table 8.1 shows a performance comparison between state-of-the-art CMOS 

power amplifier designs based on the FoM proposed in Chapter 3. Only the non-filtered 

outputs are shown in the table. The thick top-metal layer class-E power amplifier design 

(design number 4) outperforms all previous published power amplifiers targeting low 

output power applications in terms of PAE. No class-E designs, other than those 

presented in this work, are shown in the table, since this work represents the first use of a 

class-E power amplifier in low power applications. The 2.4 GHz ILO design (design 

number 6) shows a power gain that is significantly higher than all other works, which is 

why it has a very high FoM. 

Table 8.2 shows a performance comparison between state-of-the-art voltage­

controlled power oscillators based on the FoM proposed in Chapter 4. This work shows 

that the CMOS VCPO can achieve comparable performance to other technologies while 

providing a high level of integration and low-cost. 

The work presented in this thesis has been published in three conferences. Three 

journal papers were also submitted based on the work presented in this thesis and two 

more journal papers are current work in progress. 
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Table 8.1: Performance comparison between state-of-the-art CMOS power amplifier designs 

FoM =10logpo;{mw+l0logG+20log'i(Hz -lOlogPv;(mW 

Gain 
Design Voc PA f Pout @ PAE Integration FoM 
Num. {v} class {GHz} {dBm} CP {o/o} {dB} 

{dB} 

1 0.65 E 0.65 -1.2 5.8 9.7 Fully 173 On-chip 

2 0.8 E 2.4 -6.5 2.2 1 Fully 174 On-chip 

Ref. [36] 3.0 AB 0.43 13 16.5 29 Off-chip 
184 components 

Ref. [2] 1.2 AB 1.92 4 6 26 Off-chip 187 components 

Ref. [37] 1.8 AB 2.45 3.5 13 14 Fully 192 On-chip 

Ref. [64] 1.2 c 0.43 4 ---- 15 Off-chip ----components 

5 1.5 ILO 0.43 6.3 30 14.5 Fully 194 On-chip 

3 1.2 E 2.4 9.5 11.2 33 
Fully 194 

On-chip 

Ref. [38] 1.8 AB 2.4 9 19 16 Off-chip 
199 components 

4 1.2 E 2.4 13 15 51 Fully 200 On-chip 

Ref. [52] 1.4 AB 2.45 5.4 19.5 28.5 Fully 202 On-chip 

6 1.5 ILO 2.4 7.6 31 25 Fully 213 On-chip 

Table 8.2: Performance comparison between state-of-the-art voltage-controlled power oscillators 

P,,/ P. r/ (i). 
FoM =lOlog o/lmW-lOlog v1lmw+20log L\~ -L(L\w)-20logQ 

Design f Pout Drain FoM Tech. efficiency Num. {GHz) {dBm} {o/o} {dB} 

Ref. [36] GaN FET 3.0 34 23 147 

Ref. [2] 0.6 (Jm GaAs 3.2 3 38 158 MESFET 

7 CMOS 0.43 6.5 14 158 0.18 (Jm 

8 CMOS 2.4 8 27 166 0.18 (Jm 
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8.2 Future Work 

A number of areas for future research and improvements were identified in this work, 

some of which are currently being considered. 

As for the presented class-E power amplifier, it will be useful to implement a 

method that can dynamically control the output power level. This has a number of uses, 

one which can help improve the linearity of the amplifier by dynamically changing the 

supply voltage to follow the change in amplitude of the input signal, which is known as 

envelope elimination and restoration (EER). However, since linearity is not a major 

concern in this work, there are other more important benefits to have dynamic power 

control. One benefit is to allow for turning off the power amplifier when the transceiver is 

in receive mode. This will require the use of an efficient switch, such as a PMOS 

transistor. The challenge comes when needing to operate the power amplifier in burst­

mode, such that it turns on fast enough, transmits a chunk of data, and then turns off. 

Burst-mode may be a good technique to use in low-power applications where the devices 

spend a majority of their time in standby. 

Regarding the injection-locked power amplifier, measuring the MOS varactors 

and determining their exact quality factor will help in confirming the source of 

discrepancy between the measured and the simulated results, in addition to designing an 

LC-tank with a higher quality factor. This is currently being tested using two different 

approaches. The first is to test a better layout of the MOS varactor with wider metal 

interconnections between the multi-fingers. And the second, is by trying to improve the 

quality factor of the inductors used. A novel technique is currently being studied by 

placing the laid-out inductor in a deep-n-well, isolating its substrate from the substrate of 

the chip. This can help reduce the losses in the substrate network, since the area beneath 

the inductor is no longer grounded. It can also help in reducing substrate leakage and 

improving the noise performance of the design. Further, laying out an inductor in this 

manner can also help in having a placement independent inductor layout, since the 

equivalent circuit of the inductor is normally extracted from an S-parameters test 

structure that places four grounding pads very close to the inductor, which are usually not 

there when the inductor is actually laid out in the circuit. As for the phase noise of the 

circuit, the squegging effects that were noticed on the phase noise are areas worthy of 
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future research. The circuit has been laid out six times, as shown in Figure 8.1, each time 

changing one of the possible factors that might be affecting the phase noise. The tests that 

will be carried out investigate the effect of changing the filtering capacitors applied to the 

DC supply, using a MOS varactor with a higher quality factor, using smaller De­

blocking capacitors and finally, using an inductor with a higher quality factor. 

Figure 8.1 Photomicrograph of the six circuits that were fabricated to investigate the cause of phase noise 

fluctuations 

As for the direct-modulation transmitter, in addition to the previous improvements 

mentioned on phase noise and the quality factor of the LC-tank, the following future 

research is recommended. First, since the main drawback of this design is the instability 

of the output frequency, mainly as a function of temperature, the temperature effects on 

the oscillation frequency, the output power, the drain efficiency and the phase noise 

should be considered. The design will be tested under various temperatures to quantify 

the effects of temperature on the circuit's performance. 

As an improvement to the open-loop direct-modulation transmitter, a phase­

locked loop (PLL) power transmitter is currently being researched. By adding the digital 

circuitry required to implement the PLL, the output frequency will be stabilized against 

any drifts, at a small expense of power consumption. Figure 8.2 shows a block level 

schematic of the PLL transmitter, highlighting the the phase-locked loop. 
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Figure 8.2 PLL transmitter block diagram 

Figure 8.3 shows a photomicrograph of the PLL transmitter, with a zoomed-in 

image on the PLL. The circuit occupies an area of 0.7 mm2
, proving that adding the PLL 

does not take too much extra die area, and the measurements completed show a drop in 

efficiency of only 3 %. 

Figure 8.3Photomicrograph of the designed PLL transmitter 
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Due to the stacking nature of the topology used for the direct-modulation 

transmitter, the design does not support very low-voltage operation. The efficiency of the 

transmitter itself is not as high as the class-E power amplifier design presented in this 

work. An improved power oscillator design is currently being tested using a class-E 

power amplifier. Class-E power oscillators have never been reported in CMOS 

technology. Figure 8.4 (a) shows a photomicrograph of the class-E power oscillator, 

which can operate from supply voltages as low as 0.6 V, with drain efficiencies as high as 

55 % [66]. It basically consists of a single stage class-E oscillator with feedback. This 

design can be used as an efficient direct-modulation transmitter. The design is also being 

tested as a class-E PLL transmitter, shown in Figure 8.4 (b). 

(a) (b) 

Figure 8.4 Photomicrograph of(a) the class-E PVCO transmitter design (b) the class-E PLL transmitter 

Finally, in order to be able to assess the true value of all the design techniques 

presented, a conventional 2.4 GHz transmitter is currently being tested to compare the 

benefits of the different approaches. Figure 8.5 shows the photomicrograph of the 

conventional transmitter that occupies an area of 2.9 mrn2
. The figure also shows the 

schematic circuit, which uses two class-E power amplifiers to provide the differential 

output, an up-conversion mixer and a VCO. 
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Figure 8.5 Conventional2.4 GHz transmitter, photomicrograph and circuit schematic 
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