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Abstract 

This thesis studies the design of a novel double-balanced diode mixer for the emerging 5GHz 

wireless LAN applications. The mixer is designed to convert a 5.3GHz RF signai to a 

250MHz IF signal by a 5.55GHz LO signal. By adapting the Gilbert mixer topology into the 

diode ring mixer, a current source is available to bias the diodes. Therefore, the current-biased 

diode mixer requires ldBm LO power compared to 7dBm required by a traditional diode ring 

mixer. Monolithic transfomen are used to couple the RF and LO signal to the mixer. 

Mathematical anaiysis of the mixer circuit using harmonic balance is perfomed to study the 

harmonic generation process of the mixer. Measurement techniques for the mixer are 

described, and the measured performance of the fabricated current-biased diode mixer is 

presented. 
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CHAPTER 

1.1 Motivation for designing a 5.5GHz mixer 

In a modem radio communications system, the data at a baseband frequency is modulated to a 

upper radio band, so that it can be transmitted ktween distant locations. The translation of the 

signal from a lower frequency to a higher frequency, or vice versa, is accomplished by a 

mixer. The mixer is an indispensable circuit block in most communication systems. For 

example, radio, TV and cellular phone use one or more stages of rnixing. 

While the cellular telephone system has proven to be a successful alternative to wired 

phone networks, multimedia applications on the Intemet are promoting the development of 

wireless local area networks (LAN). However, the transmission of voice and real-time video 

between cornputers in a network requires a much wider bandwidth which is only available in a 

high frequency band (i.e., > 2.4GHz). As a result, the frequency band at SGHz is recently 
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allocated for the wireless LAN applications. The objective of this thesis is to explore an 

appropriate mixer architecture at 5.5GHz to rneet these emerging wireless standards. 

1.2 The wireless LAN standards 

In North Amenca, Apple computer first envisioned the need for a wireless LAN for schools 

and hospitals. In 1995, Apple subrnitted a petition to Federal Communications Commission 

(FCC) in the United States for an ailocation of 3ûûMHz bandwidth in the 5GHz band. 

Subsequently, the FCC released a NPRM (Notice of Proposed Rule Making) [Il which 

discussed the 5GHz band for wireless LAN in the form of U-MI (Unlicensed National 

Information Infrastructure). Under the U-NI1 agreement, the products require no usage 

charge, but they must cornply to the FCC regulations. The service would be provided on a 

wireless LAN with a throughput of 2SMbitdsec in a 25MHz channel. In 1997, after evaluating 

opinions from the telecom industry, the U-NII was incorporated in the FCC Rules and 

Regdations, part 15, subpart E [2]. Accordingly, the 5GHz band is classified into 3 bands, 

each LOO MHz wide as listed in Table 1.1. 

Table 1.1 U-NI1 5GHz band usage. 

For wireless LANs within building. The very lim- 
ited transmit power is to avoid unacceptable inter- 
ference risks to other services such as fixed 
sateilite service and uplink operations in this band. 

Frequency 

1 5.25 - 5.35 GHz 1 250 m W  1 Single neighbourhood or campus network 

Maximum Peak 
Transmit power 

1 5.725 - 5.825 GHz 1 1W 1 Long m g c  community network 

For the European countries, the European Telecommunications Standards Institute 

(ETSI) also developed a similar program called HiperLAN for "High Performance Radio 

LAW using the 5.1 - 5.25GHz band [3]. The 1SOMHz bandwidth allows for five channels of 

approximately 23Mbitdsec per channel. Similar to the U-NII in North Amenca, the 
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transmission is license-free, subject to spectmm restrictions. The applications include wireless 

local-area and wireless ATM (Asynchronous Transfer Mode) networks. 

In this thesis, the mixer is designed to down-convert a 5.3GHz RF (radio frequency) 

signal to a 2SOMHz IF (imrnediate frequency) signal, by mixing it with a LO (local osciilator) 

signai. The LO frequency is chosen at SSSGHz, so that the mixer, which is  originally 

designed to down-convert the 5.3GHz band. may also down-convert the 5.8GHz band to an IF 

signal. The design was implemented in NT25, an advanced bipolar technology provided by 

Northem Telecom. Before discussing the design of the mixer, it is necessary to study the 

important design requirements for the 5GHz wireless application. 

1.3 Design concerns for the Wireless LAN standard 

Aside from the difficulties of circuit design at microwave frequencies, another concem is the 

increased channel bandwidth. A major reason for using the SGHz band is to ensure a larger 

bandwidth for real-time and multi-media applications on wireless networks. The channel rate 

for current wireless standards are summarized in Table 1.2 [3]. 

Table 1.2 Receiver channel bandwidth for current wireless standards. 

Standard 

1s-54 / l digital ceIlular 1 869 -894 MHz 48.6 kbits/s 1 25 MHz 
IS- 136 handset 

Application 

PHs 

Hipr-[31 1 European I 5.1 - 5.25 GHz 1 23 Mbitds 1 150 MHz 
wireless LAN 

1895- 19 18 MHz Japanese personal 
handyphone system 

GSM I European wireless 935 - 960 MHz 
standard I 

Receive 
frequency band 

270.83 kbids I 

96 kbiWs 

U-NII SGHz [Il 

Channel rate 

23 MHz 

Total 
bandwidth 

North Amencan 
wireless LAN 

5.15 - 5.25 GHz / 
5.25 - 5.35 GHz / 
5.725 - 5.S25 GHz 

25 Mbitsls 3 bands of 
LOO MHz 
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For the first and second generations of wireless standards (e.g., IS-54, GSM, PHs and 

DECT), the application is voice transmission between cellular phones, requiring channel rate 

from tens of kbitsls up to IMbitsls. However, for the emerging wireless LAN standards, the 

operating frequency is doubled, while the channel rate is increased over 20 times. Similady, 

the total signal bandwidth is increased four times. The higher operating frequency of the 

mixer is no doubt a challenge to RF designen, but the much increased signal bandwidth has a 

significant impact on the performance of the receiver. Superficially, it merely implies that the 

mixer must operate with a wider bandwidth. and the impedance matching techniques must 

cover a wider operating frequency band. However, when the channel bandwidth is much 

wider, the receiver will generate more intermodulated harmonic distortion. Also, the noise 

Roor of the receiver is raised to a higher levei. These two considerations will be examined in 

more detail. 

1.3.1 Impact of wider receiver bandwidth on signal distortion 

To ensure that the IF signai is not distorted, a highly linear mixer is needed so that the overail 

increase in harmonic levels is minimized. The linearity of a mixer is specified by the third- 

order input intercept point (IIP3). (For a review of mixer performance parameters, please refer 

to Appendix A.) It should be noted that the testing of 11P3 only considers signal tones at 

discrete frequencies. For exampie, if the test tones are at 5.3GHz and 5.305GHz. the two 

intermods are at 255MHz and 240MHz. If the two test tones are at 5.305GHz and 5.3 ISGHz, 

another two sets of intermods will be generated, and one of them will be again at 255MHz. 

Thus, if the incoming signal has frequency components at these three tones (i.e., 5.3GHz, 

5.305GHz, and 5.3 l5GHz), their intermodulated products will overlap and cause additional 

distortion in the IF signal at that frequency. Table 1.3 lists some examples of RF tones which 

can generate PIM3 at the same frequency of 255MHz. 
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Table 1.3 Examples of two-tone signals which generate overhpping PIM3 (LO-5.55GHz). 

The above table only highlights discrete RF signal pairs which result in the same Pm3 

frequency. In reality, the incoming RF signal spectrum is continuous over a finite frequency 

band. The wider the frequency band, the more third-order intermodulation components will be 

generated at the sarne IF band, causing a rise in the level of signai distortion. In other words, 

given two mixers with the same IIP3, the one down-converting a signal with a wider receiver 

bandwidth will generate more distortion. As a result, the wireless LAN standards require a 

high IIPs mixer to combat the increased signal distortion. 

1.3.2 Impact of wider channel bandwidth on noise 

The channel bandwidth also affects the noise fioor, which is the noise power referred to the 

input of the receiver. The noise floor (NR) can be detennined by the following equation, where 

B is the data bandwidth (in Hz), and NF is the receiver noise figure. 

As a result, a systern with a wider channel bandwidth will result in a higher noise floor. 

For example, the DECT standard has a data bandwidth of 1.1 MHz, which results in a noise 

Boor of -1 13dBm plus the receiver noise figure. For the new 5GHz wireless LAN standards, 
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the data bandwidth is about 20MH2, and therefore the noise floor is -IO ldBm plus the receiver 

noise figure. The 12dB increase in the noise floor, king comparable to the noise contributed 

by the receiver itself, wiil prevent the reception of weak signals. 

However, it should be noted that a wireless LAN receiver will most often be used in an 

urban area, where interference from out-of-band signals is usually stronger than the noise 

fioor. For example, consider a receiver that has OdBm EP3 and 20dB gain, with two out-of- 

band signals at an undesired channel with power level -20dBm. In this case, the power of the 

third-order intemodulated distortion components is -6OdBm (referred to the input). and it is 

much higher than the noise floor at -1OldBm. Therefore, a high IIPs is a more important 

design consideration than a low noise figure for a wireless LAN receiver. 

1.4 The role of the mixer in a receiver front end 

Aside from the mixer, which converts the signal between the RF and IF band, the reception of 

a signal requires other components, such as bandpass filters. low noise amplifiers (LNA), etc. 

These components together with the mixer are the major components of a receiver, as shown 

in Figure 1.1. The actual design of a receiver may v q ,  and the following figure only shows 

one possible configuration of a receiver. 

RF mixer IstlFamp IFmixer 2ndIFarnp 
v 

baseband 

5.25-5.35GHz Ima e-reject 240-260MHz 

bandoass fitter aiter bandpass filter 
(to reject image at 

5.75-5.85GHz) 

Figure 1.1 A front-end receiver for SGHz wireless U N  application. 

The operation of the receiver is explained below, using the U-MI 5.3GHz signal band 

as an example. Signal power at the antenna passes through a 5.3GHz bandpass filter to remove 

the out-of-band signals. After the bandpass filter, the RF signal is ready for mixing. However, 
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the mixer usually has a noise figure in the 6- 15dB range. To suppress the noise introduced by 

the mixer circuit, a low-noise amplifier (LNA) is used to amplify the RF signal so that it is less 

affected by the noise generated in the mixer. The amplified signal is passed through the image- 

reject filter which removes the image band at 5.8GHz fiom the signal band. Without image 

rejection, signals in the image band at 5.8GHz and the RF band at 5.3GHz are both mixed 

down to IF, as illustrated in Figure 1.2. Once the image is mixed d o m  to iF, there is no way to 

isolate or remove it. Placing a bandpass Glter right after the antenna rejects this image signal. 

I I 
A A 

525 GHz 5.35 GHz 5.55  HZ 5 . 7 5 ' ~ ~ ~  5 . 8 5 ' ~ ~ ~  

Figure 1.2 Mixing without image rejection. 

The mixer then multiplies the RF signal with an LO signal generated by a VCO (voltage 

controlled osciliator). With the out-of-band hiumonics filtered by the 240-260MHz bandpass 

filter, the output of the mixer is the IF signal at 250MHz. The IF signal requires a second stage 

of down-conversion to generate the baseband data. Generdly in a superheterodyne receiver, 

this is done by a second mixer stage, but it may also be done in the digital domain by sampling 

the IF signal with an analog to digital converter (ADC), and then demodulating the data 

sarnples with a digital signal processor (DSP) [7]. 

1.5 General implementation of mixer 

A mixer modulates a signal from one frequency band to another band. The frequency 

translation is achieved by multiplying the signal at frequency with another sinusoid at the 

frequency q, as shown in the following equation: 
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The product contains two tones: one at the frequency al-%, and the other one ai 

al+*. For down-conversion applications, the frequency component ml+% is attenuated by a 

filter or other circuit design techniques, so that the output signal only contains the m l - q  

component. For an up-conversion application, the mixer keeps al+% and rejects 01-02. 

Although the multiplication of two sinusoids is mathematically simple, the implementation of 

a precise multiplier is non-trivial. in  practice, the translation is done by multiplying the 

incoming signal with a square wave at the LO frequency, Ro, which can be can be expressed 

as a Fourier series. as shown in Figure 1.3. 

4 1 t 
f(t) = ;(COS*LO-I~~~3u Lo +-cos50 5 

LO -...) 
Figure 1.3 A symmetiic square wave and its frequency dmain representation. 

Since most of the signal energy of the square wave is the sinusoid at qO, multiplying the RF 

signal with a square wave is effectively the same as multiplying it with cos(Ro). The 

components generated by the higher LO harmonies can be removed by a bandpass filter at the 

IF band. When an RF signal is multiplied by a square wave, it is effectively king switched 

between + and - polarities. This can be realized by a switching circuit topology, and an LO 

signal is used to control the switch elements, as illustrated in Figure 1.4. 

What we want: % x %  
What we 
mnceptuaiize: X 

Figure 1.4 The conceptual implementation of a mixer. 
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1.5.1 Diode ring mixer 

One popular way to implement a mixer uses diodes to toggle the polarity of the RF signal. The 

diode, as shown in Figure 1.5, has an exponential1-V relationship. 

f .5 
Diode 1-V plot with typical parameters: 

E VT = 25.9 mV +VD-  s 1 -  I, = 1 0 - l ~  A 
C e 

voltage across diode VD (V) 

Figure 1.5 1-V characteristics of a typical diode. 

The exponential 1-V relationship allows the diode to be switched on and off abruptly 

by an AC voltage source. Using this switching method, a mixer can be realized by arranging 

four diodes in a ring configuration [8], as shown in Figure 1.6. Transformers are used to 

couple the LO signal and the RF signal to the diodes. 

Figure 1.6 A diode ring mixer. 

The operation of the diode ring mixer is illustrated in Figure 1.7. The LO signal is used 

to control switching of the diodes. As a result, the polarity of the RF signal at the IF port 

toggles between + and -, and the common-mode IF output flows through the centre-tap of the 
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RF signal transformer. 

IFFL:{-+ RF 

load 

RF - 

Figure 1.7 The operation of a diode ring mixer. 

The symmetry of the diode ring topology cancels the RF and LO signds at the IF port. 

Therefore, the diode ring mixer has good LO-RF and LO-IF isolation. Schottky diodes, which 

are majority carrier devices, are often used to ensure fast switching and high frequency 

operation. In a state-of-the-art microwave design, the ring mixer utilizing discrete diodes c m  

operate up to 20GHz [9]. Monolithic implementations will operate at a reduced frequency, 

due to the presence of substrate parasitics. However, the diode ring mixer is still a good 

candidate for 5.5GHz operation as a monolithic circuit. 

1.5.2 Gilbert mixer 

Instead of using passive diodes, active devices such as transistors cm be used to toggle the 

polarity of the RF signal. As a result, both down-conversion and signal amplification c m  be 

achieved with the same circuit. Invented in 1968 by Barrie Gilbert, the Gilbert mixer remains 

the most popular mixer design in modem IC designs. The switching of the RF signal is donc 

by four transistors connected in a speciai topology caiied the Gilbert switching quad. 

Depending on the application and operating frequency, there are many variations of the 



Gilbert mixer design. One example of a double-balanced mixer utilizing a Gilbert switching 

quad is shown in Figure 1.8 [1  Il. 

Figure 1.8 A 1.9GHz Gilbert-type mixer. 

The RF signal is coupled to the emitters of the transistors by an on-chip transformer. The 

operation of the mixer is illustrated in Figure 1.9. Similar to the diode mixer, the exponential 

1-V relationship of bipolar transistors dlow the transistors to be turned on and off quickly. As 

a result, the transistors toggle the polarity of the RF signal at the frequency of the LO signal. 

The differential output at the collector tenninals of the transistors is converted to a single- 

ended IF signal by an off-chip transformer. 

Figure 1.9 Operation of a Gilbert mixer. 
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1.5.3 Performance comparison of diode ring and Gilbert mixers 

Apart from the diode ring and Gilbert mixers, there are other mixer designs such as four 

quadrant multipliers, CMOS passive ring mixers, etc. However, the latest reported 

performance of a 2GHz four quadrant multiplier has a SSB (single-sideband) NF of 22dB 

[ 121. A 1 SGHz CMOS passive ring mixer attains a very high linearity, but it has a SSB NF of 

24dB [13]. Because of their relatively low operating frequencies and high noise figures, these 

mixers will not be considered further. For SGHz operation, the performance of some diode 

ring mixers and Gilbert mixers is compared in Table 1.4. 

Table 1.4 Performance comparison of diode ring mixers and Gilbert mixers. 

Mixer 
Parameters 

conversion gain 1 -6.8dB 1 -6dB 1 +6.1 dB 1 +5.5 dB 

frequency 

SSB NF 1 n/a 1 6.5 - 7dB 1 10.9 dB 1 8.5 dB 

Mini-Circuits 
ADE-30W 

diode ring mixer [lq 

LO-RF isolation 1 33dB 30dB 1 32dB 1 > 30dB I 

up to 4GHz 

LO-IF isolation 1 l6dB 1 1 5dB 1 47dB 1 > 30dB 

Merrimac 
DMF-2RS000 

diode ring mixer [lq 

From the above table, it can bc seen that the diode ring mixer offers better performance 

than either Gilbert mixer. First, the diode ring mixers have a much higher linearity (higher 

HP3), and therefore it can handle a larger signal without senous distortion. On the other hand, 

the diode ring mixer ailows the receiver to detect a weaker signal, because it has a lower noise 

figure compûred to the Gilbert mixer. This is because in the Gilbert mixer, the bipolar 

transistor generates more noise than a diode. The base resistance of a transistor, king tens of 

Ohms, is a major thermal noise source. The noise is amplified by the transistor to the collector 

output of the mixer, making the noise figure of the Gilbert mixer higher than the diode ring 

mixer. Also, the diode ring mixer can operate at a higher frequency, and there are very few 

2-8 GHz 

Bipolar Gilbert 
mixer [Il] 

CMOS Giibert 
mixer [17] 

1.9 GHz 1.9 GHz 
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5GHz mixers reported in either SiGe or Si technology [14]. 

Although the diode ring mixer has very good performance, it has a very serious 

drawback. The typicai LO power required for the mixer is at least 7dBm (5mW) in order to 

completely switch the diodes. Generating a 5mW LO signal, especially nt SGHz, is costly. If 

the LO buffer driving the mixer is 50% efficient (somewhat optimistic), the total power 

consumption for the diode mixer will be IOmW. On the other hand, Gilbert mixers usually 

require an LO power of -3dBm (0.5mW) or less. Therefore, the diode ring mixer is not 

favourable for portable applications or hand-held equipment. Also, a large LO signai present 

in the system cm be more easily coupled to other circuit components. Another problem is that 

the mixer itself has no active elements for signal amplification, and therefore it manifests a 

negative conversion gain (i.e., conversion loss). On the other hand, a Gilbert mixer consumes 

little LO power, because the transistors amplify the LO signal at the base terminal. Therefore, 

it is highly suitable for low power applications. 

1.5.4 Target specifications of the current-biased diode mixer 

The high LO power required by the diode ring mixer makes it unsuitable for low power 

applications. The Gilbert mixer does not attain as good performance and operates at a lower 

frequency. In this thesis, a 5.5GHz mixer design which combines the best aspects of the diode 

ring and Gilbert mixers will be presented. It will be referred to as the "current-biased diode 

mixer", and its target specifications are listed in Table 1 S. The current-biased diode mixer 

consumes only one fourth the LO power of a diode-ring mixer, and its linearity performance is 

between the Gilbert mixer and the diode ring mixer. It aiso has a noise figure comparable to 

the diode ring mixer. The relatively good performance and low power consumption makes it a 
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good candidate for 5GHi portable wireless applications. 

Table 1.5 Target specifications of the current-biased diode mixer. 

I LO frequency I 5.55 GHz 

1 RF frequency 1 5.3 GHz 

1 IF frequency 1 - 250 MHz 

I LO power I + I  dBm 

I conversion gain I -6.5 dB 

1 Input IP3 1 9 dBm 

1 SSB NF 1 7.0 dB 

1.6 Performance of circuits in a receiver 

LO-iF isolation 

The diode ring mixer is more suitable than the Gilbert mixer for the SGHz wireless 

application because of its higher IIP3 and lower noise figure. However, the conversion loss of 

the diode ring mixer may significantly decrease the signal-to-noise-ratio for circuit blocks 

after the mixer. Also, when comparing mixers with different gains, a mixer can have a higher 

T[P3 and yet a lower O P 3  than another mixer, making it difficult to determine which mixer has 

> 30dB 

better linearity. The highest number is usually reported in technicd papers or specified by 

manufacturers. adding to the confusion [18]. To evaluate and compare mixer designs, the 

overall performance of the receiver should be considered. The performance of a receiver can 

be evaiuated from its gain, noise figure, IIP3 and dynamic range. 

1.6.1 Gain, noise figure and IIP3 of cascaded circuits 

A receiver usually consists of circuit blocks connected in series. The performance of the 

receiver is detedned by the gain, noise figure and IIP3 of the individual components. 

Consider a receiver sub-system with two circuits in cascade, as show in Figure 1.10. The 



total gain of the two cascaded circuits is the sum of G1 and G2. 

Figure 1.1 0 Two cascaded circuit stages. 

I 

The equivalent noise figure of two cascaded circuits cm be determined from equation (1.3). It 

should be noted that the noise figures (NFI and NF2) should first be converted to noise factors 

1 input > 
I 

(FI and F2), and the end result, which is the equivalent noise factor, can be converted back to 

I I 

I 
gain = G1 gain = G2 I 

I IIP3 = IIP3,J IIP3 = llP3,2 I , noise figure = NF1 noisefigure=NF2 
- - - - - - - - - - - - - - - - /  

circuit 2 circuit 1 

noise figure. 

I , b output 

The equivalent IIP3 of two cascaded circuits is given by equation (1.4). It should also 

be noted ihat the IIP3 should be converted from the unit of dBm to m W  before using the 

equation, and the end resuit, which is in mW, can be converted back to dBm. 

1 - -  - 1 + 
IIP3 /IP3, stage 1 IIP3, stage 2 

1.6.2 Dynamic range 

The dynamic range is a figure of ment which indicates the ability of a receiver to receive weak 

signals in the presence of noise and intemodulation distortion. One way to specify the 

dynamic range is to state the difference in power between the noise floor and the amplitude of 

a two-signal pair whose iniermodulated distortion is equal to the noise floor [19]. The 

dynamic range (DR) of a receiver can be detedned from equation (1.5), where B is the 

channel bandwidth, and NF is the noise figure of the receiver. 
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2( W 3  - Nfl)  2( I/P3 - (- 174 + IogB + NF) )  
DR [in dB] = - 3 

- 
3 

1.7 Comparing the performance of two mixers 

In this section, the current-biased diode mixer with the desired specification will be studied. It 

will be considered as part of a receiver, along with other circuit components such as LNA and 

filters. The current-biased diode mixer will be compared with a Gilbert-type mixer. 

Evaluating the linearity performance of the whole receiver is difficult, because the 

automatic gain control of the second IF amplifier will prevent overload in the IF path. It is 

sufficient to cdculate the cascaded gain, noise figure, IIP3 and dynamic range up to the first IF 

amplifier [19]. The receiver front-end used for comparison is shown Figure 1.1 1. The 

specifications of al1 the circuit components are indicated in the same figure. The bandpass and 

image-reject filters are assumed to have an equivalent insertion loss of the 5.3GHz bandpass 

filter by K & L Microwave Inc. [ZO]. The IF filter is assumed to have 4dB insertion loss 

[21,22]. Since the filters are passive components, their noise figures are about the same as 

their losses, and they have very high linearity. Therefore, their IIP3 is assumed to be lOOdBm 

[19]. At the time this thesis is written, there are only two 5.8GHz low-noise amplifiers 

reported at recent technical conferences. However, one of them has a high noise figure of 

4.2dB [14], and the other one has poor linearity (Il&=-IOSdBrn) [23]. It is expected that a 

LNA in the 5GHz band with better performance will be reported in future. As a result, the 

2.4GHz LNA (HFA3424) frorn Harris Semiconductor is used as the LNA specification in the 

comparison [24]. A general purpose cascode amplifier from Motorola Semiconductor is used 

as the first IF amplifier in the receiver [25]. The cascaded gain, noise figure, LIP3 and dynamic 
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range at the output of each circuit cornpanent are listed in Table 1.6. 

LNA 
image-reject curent-biased 240-260 MHz 

fitter diode mixer band~ass filter ' St IF amp 

Figure 1 .l t Receiver front-end with the current-biased diode mixer. 

Table 1.6 Performance of the receiver with current-biased diode mixer. 

As shown in Table 1.6, the receiver has a gain of 15.5dB. The NF is 6. ldB, and the 

T[P3 is -3SdBm. The performance of the receiver with the current-biased diode mixer will be 

compared with a receiver using another SGHz mixer. However, at the time this thesis is being 

prepared, there are few 5GHz monolithic double-balanced mixers reported in technicd 

conferences or journals. As a result, a 1.9GHz double-balanced Gilbert-type mixer [I 11 

reported wiii be used for the cornparison. Since the Gilbert mixer has a gain that is 12.ldB 

larger than the current-biased diode mixer, the IF amplifier in the receiver is rernoved so that 

the cumulative gain of the receiver in both test cases are almost the sarne. The receiver front- 

end for the second test case is shown in Figure 1.12. The performance of the receiver with the 
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Gilbert mixer is listed in Table 1.7. 

5.25535 GHz 
LNA 

image-reject doublebalanced 240-260 MHz 
bandpass filter filter Gilbert mixer bandpass fiiter 

C D 

Figure 1.1 2 Receiver front-end with Gilbert mixer. 

Table 1.7 Performance of the receiver with the Gilbert mixer. 

From the comparison results listed in Tables 1.6 and 1.7, the receiver with the current- 

biased diode mixer has a higher gain, a wider dynamic range, and 4.2dBm higher IIP3. As 

discussed previously, high linearity is especially desirable because the wireless LAN receiver 

is mostly used in city and urban area where strong out-of-band signals are present, and their 

third-order intemodulation distortion may interfere with the desired signals. A receiver with 

4.2dBm higher in IIP3 can reduce the third-order intermodulated distonion by 8.4dB, and 

hence it cm receive a weaker desired signai in the presence of strong out-of-band signals. 

Therefore, the comparison shows that the current-biased diode mixer is the best choice for a 

SGHz wireless LAN application. 

signal 

A 

cumulative gain 

-2dB 

cumulative NF 

2dB 

cumulative LIPJ 

LOOdBm 

- - 

dynamic range 

- 



CHAPTER 

Design of a Cumnt- 
Biased Diode Mixer 

In this chapter, the design of the current-biased diode mixer will be presented. From the 

discussion in Chapter 1 ,  it is highly desirable for the mixer to have a high IIP3 and a low noise 

figure. The design of the current-biased diode mixer originates from the diode ring mixer. 

However, the diode ring mixer consumes LO power on the order of +7 to +17âBm (7mW- 

SOmW). To reduce the LO power consumption, the current-biased diode mixer adopts the 

switching topology of the Gilbert mixer, so that a DC current source is available to bias the 

diodes. 
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2.1 New switching circuitry for a mixer 

To realize the objective of reducing the LO power consumption of the diode ring mixer, the 

switching topologies for the diode ring mixer and Gilbert mixer were first studied. The 

simplified switching circuits of these mixers are shown in Figure 2.1. 

(a) diode quad in a ring mixer (b) differential pair in 
a Gilbert quad 

* 
9 

(c) differential pair in a 
curent-biased 
diode mixer 

Figure 2.1 LO switching circuits for three different mixers. 

In a diode ring mixer, the diodes are switched on and off by a voltage source applied 

directly across the diodes. The peak LO voltage must be large enough to forward b i s  the 

diodes. Since the input pons are usually matched to 50Q this results in a large LO power 

dissipation (on the order of 1OmW). 

In a Gilbert mixer, the bipolar transistors are used as the switching devices. The two 

transistors are connected in a differential configuration as shown in Figure 2.l(b). The LO 

signal is applied to the bases of the transistors. Since the base input of a transistor has a 

relatively high impedance (i.e., Ri,rr&, Tt / IJ), there is little current flowing into the 

base. As a result, little LO power is consumed when switching the transistors on and off. 

Unfortunately, as discussed in Chapter 1, the Gilbert mixer has lower linearity than the diode 

ring mixer. 

An alternative topology for a diode mixer can be nalized by replacing the transistors 
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in the differential pair with diodes. In this case, as shown in Figure 2.l(c), the LO signal is 

coupled to the diodes by AC coupling capacitors. RF chokes are used to supply the bias 

voltage and decouple the DC supply fmm the diodes. A current source biases the diodes, and 

it reduces the voltage required to mm the diodes on and off. To appreciate this advantage, the 

power consumption in the switching of the diodes will be described quaiitatively (the 

nonlinear mathematical treatment will be discussed in Chapter 3). The switching of the diode 

can be viewed at small and large LO voltage levels, as shown in Figure 2.2. 

. - - . * - a  

t @ (high impedance @ O 

m - - 4 - 9 a  

&. &. L 

4' : paths are dashed) 

(a) LO signal at a low voltage (b) LO signal at a high voltage 

figure 2.2 Diode transconductance changes with the LO voltage Ievei. 

For each LO cycle, when the LO signal is crossing O V (Figure 2.2a), the diode pair shares a 

current of IB/2, where Ie is the total bias current. The power, king the product of V and 1, 

rernains srnail because the LO voltage is smail. When the LO signal increases (Figure 2.2b), 

one diode tums on with a current of IB, while the other is off. The impedance at the negative 

LO terminal is very high, because the off diode conducts almost no current. The impedance 

seen at the positive LO terminal is also high because the forward biased diode is connected to 

the current source, a RF choke and another diode, which is tumed off. Thus, the LO source 

sees a high impedance. As r result, little AC power is consumed for most of the LO cycle, 

while the DC current biases the diodes near conduction. 
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2.2 Initial design of a current-biased diode mixer 

Using the new switching technique to replace the transistors in a Gilbert mixer, a double- 

balanced mixer cm be designed, as shown in Figure 2.3. 

Figure 2.3 Initial design of a current-biased diode mixer. 

This mixer design will be referred as the "current-biased diode mixer". As described in the 

previous section, the differential LO signals are coupled to the anodes of the diodes through 

capacitors. The switch consists of two parallel diodes. Unlike the diode ring mixer which has 

anti-parallel diode pairs, the parallel diode configuration will allow even-order harmonics of 

the LO signal to feed back to the RF port. As a result, the pardlel diode configuration is not 

recommended and is seldom used in diode mixers [26]. However, by duplicating the switching 

pairs to down convert a differential RF signal (as in the Gilbert mixer), a double-balanced 

topology can be retained. The even-order LO harmonics then become common-mode signals 

at the differential RF port, while the odd-order LO haîmonics are cancelled at the common 

node of the diode pair, resulting in good isolation between the LO and RF ports. 

The current-biased diode mixer resembles both the diode ring mixer and the Gilbert 
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mixer, but there are sorne serious problems with this initial design. Simply replacing the 

transistors in a Gilbert mixer with diodes results in a short circuit between the positive and 

negative terminals of LO source, as seen in Figure 2.3. This is because the IF port sums the 

diode currents which are driven differentiaily by the LO signals. 

2.3 Evolution of the current-biased diode mixer 

The LO and IF signals for the wireless LAN are at 5.55GHz and 250MHz, respectively. 

Because of the large difference in frequency between these signals. an inductor could be used 

to isolate the LO+ and LO- terminals from the IF connections. A capacitor connected in 

parallel with the inductor forms a parallel resonant circuit, and near the self-resonant 

frequency, the tank circuit manifests a high impedance for the LO signals, while appearing as 

a low impedance path for the IF signals at 250MHz. As a result, the resonant circuit isolates 

the LO signals from the IF signals. Also, the capacitive path of the tank circuit attenuates the 

undesired high harmonies generated by the mixing process. 

In Figure 2.3, two DC current sources are used to bias the diode pairs. Mismatch 

between the bias currents for the diode pairs is reduced if the two current sources are 

combined into a single current source. Also, the noise associated with the current source 

becomes a common-mode signal, and is virtually eliminated at the differential IF outputs. 

This significantly reduces the noise figure of the mixer. In Figure 2.4, a second resonant circuit 

is connected between RF+ and RF- terminals. It is tuned to resonate at the RF band, and a 

single current source is connected to the centre-tap of the inductor to bias the mixer. 

At a first glance, it seems that the short circuit problems are eliminated in the improved 

design. However, when any two diodes are tuned on, the RF+ and RF- signais are shorted 

together by the LO signal path before reaching the IF ports. To nsolve this problem, two 
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isolated pairs of differential LO signals are required to drive the four diodes. 

T VCC 

resonates 
I 

at 5.55 GHz 

Q resonetes at 5.3 GHz 

Figure 2.4 lrnproved mixer design with resonant circuits. 

A second problem is that the mixer of Figure 2.4, in spite of its double-balanced 

topology, fails to isolate the LO hmonics from the RF ports. The symmetry of the double- 

balanced topology only ensures that the LO harmonics appear as common-mode signals at 

both RF+ and RF- ports. However, the design has no common-mode rejection of the LO 

hmonics, which get injected into each of the RF ports, as illustrated in Fieure 2.5. 

LO + LO- LO- LO + 

nodes with large even- 
order LO harmonics 

Figure 2.5 Very poor RF  port isolation from the even LO harmonics. 
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2.3.1 Monolithic transfomers for the RF and LO signals 

The current-biased diode mixer requires two isolated pairs of differential LO signals to drive 

the four diodes. A~so, the RF ports must be isolated €rom any common-mode harmonic signals 

in order to take advantage of the double-balanced topology. Both of these problems can be 

solved by using a R F  monolithic transforrner. A transformer is formed by two coils 

interwound tightly with each other. The primary coil is driven by the signal source, while the 

secondary coil drives the load. A planar transformer is implemented on-chip using the top 

level metal in an IC technology with coupled microstrip lines [ L  11. 

To eliminate the common-mode signals injected back to the RF ports, a transformer 

cm be used to replaced the inductor in Figure 2.5. This is because the common-mode signals 

at the secondary terminais are isolated from the primary coil, and therefore the RF ports are 

isolated from the even LO hamonics, as illustrated in Figure 2.6. Another advaniage of the 

transforrner is that DC signal isolation is inherently provided between the primary and 

secondary coils. As a result, AC coupling capacitors are no longer needed to couple the RF 

input signals to the mixer. In this thesis, the transformer connecting the RF signals to the 

mixer will be referred to as the RF transforrner, 

LO + LO- LO- LO + 

Even order LO harmonics are Q blocked from the RF ports 

- 
Figure 2.6 RF transformer provides LO-RF isolation. 

Another monolithic transformer can be used to couple the LO signal to the diodes. The 

LO signal source drives the primary coi1 of the transformer, while the secondary coil drives a 
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diode pair. Since there are two pairs of diodes to be dtiven by the LO signal, two transfomers 

are required in the design. The primary coils of the two transformers are connected either in 

parallel or in series with the LO source, as shown in Figure 2.7. The two transformers can be 

combined to fonn a single trifilar transformer, with a one p n m q  coil exciting two secondary 

coils. This transformer will be referred as the LO transformer. 

(a) paral tel connection (b) series connection 

Figure 2.7 Transformer coupling the LO signal to drive two diode pairs. 

The parallel connection shown in Figure 2.7(a) is used to facilitate matching the diode 

impedance to 50R at the LO ports. As discussed in the previous section, the impedance of 

each diode pair varies with the LO signal voltage, and it exhibits a rather high impedance 

throughout most of the LO cycle. Connecting the pnmary winding in series (Figure 2.7b) 

results in an impedance that is much higher that 50Q at the LO port. Also, the voltage is 

halved at the diode terminais because of the 2: 1 tums ratio of the transformer. Connecting the 

two primary coils in paraltel (Figure 2.7a) avoids the diode voltage being halved. It also 

reduces the high impedance of the diode pair by two times at the LO input, thereby helping to 

match the input to 5051 impedance. The differential IF signals appear ai the centre-taps of the 

secondary coils. When the LO transformer is excited by differential LO signals, the centre- 

taps become a vimial ground for the LO signal. Together with the double-balanced topology, 

the mixer has excellent LO-IF isolation. The AC coupling capacitors connecting the LO signal 

to the diode pair are not required because the transformer isolates the DC biased secondary 

coils fiom the primary coil. 
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23.2 Output tnuisformer 

In the initial design, external (off-chip) RF chokes are used to supply DC voltage to the mixer 

while isolating the IF signal from the DC ground. However, RF chokes are quite bulky, and 

are undesirable in RF design. They can be replaced by another transfomer to combine the 

differential IF output into a single ended IF output. This transformer is referred as the output 

transformer. A DC voltage source is connected to the centre-tap of the primary coi1 of the 

output transformer to supply bias to the mixer. Since the passband of the output transformer is 

at the IF frequency, it is too large to implement on-chip, and hence an off-chip component is 

used. 

2.3.3 The final design 

Incorporating the above modifications in the current-biased diode mixer, the final design is 

shown in Figure 2.8. 
I V  

+.I- -. Output transformer (offchip) 

IF 
LO transformer 

RF+ o O RF -  

Figure 2.8 Cunent-biased diode mixer. 
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Capacitors are added in parailel with the transformer windings for impedance matching. The 

centre-tap of the secondary coi1 of the RF transformer appears as a vimiai ground for the RF 

signal. As a result, a 5pF capacitor is connected between the centre-tap and ground to 

rninimize the noise generated by the current source. This causes the output terminai of the 

current source to be an AC ground. For the switching diode pairs, the cathode terminais were 

assumed to be connected to a current source with a high output impedûnce (Figure 2.2) in 

order to save LO power. With the 5pF capacitor, the cathodes are connected to the AC ground 

through the secondary coi1 of the RF transformer. From simulation, this causes only an 

additionai conversion loss of about 0.15d.B. The mixer requires only ldBm of LO power to 

switch the diodes. The DC supply is 1V because the transfomers have almost no voltage &op 

at DC, and the Schottky diodes have very low tum on voltage (0.3 to 0.4V). 



CHAPTER 

Mathematical Analysis 
of the Mixer 

In Chapter 2 the design of the current-biased diode mixer is described qualitatively. It is also 

important to understand the circuit by mathematical analysis. Unfominately, analysis of a 

mixer is very challenging, and iinear techniques such as small-signal analysis are not 

applicable. In this chapter, the mathematical treatment for the mixer is demonstrated with a 

technique similar to "harmonic balance" [28]. The goal is not to develop a "back of the 

envelope" approximation, but to understand the mathematical analysis for a nonlinear circuit. 

In the cakulation, the LO signal is first evaluated followed by the RF and IF signals. 

Conversion gain is then deterrnined. The calculation of IIP3 with a speciai technique is then 

discussed. The calculation results are verified with simulations in HP EEsof Libra v6.0, an RF 

circuit simulator. For the RF, LO, IF, DC components and conversion gain, the calculation and 

simulation results agree to within 0.5%. 
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3.1 Difficuities in mixer analysis 

Although a mixer usuaily consists of very few nonlinear devices, the mathematical treatment 

is difficult because of the nonlinear behaviour. Since the LO is a large signal, any attempt to 

linearize the operating point is prone to error. Also, the RF, LO and IF signals are at diiîerent 

frequencies, and their hmnonics interact with one another. One may analyze the circuit with 

Kirchoff's current and voltage laws, but the calculation is complicated. To illustrate this 

difficulty, a highly simplified current-biased diode mixer of Figure 3.1 will be used as an 

example. 

Figure 3.1 Simplified mixer circuit (with no output load) for calculation. 

To simplify the calculation, the diodes have OR series resistance and OpF junction 

capacitance. Al1 the transfomers (in Figure 2.8) are removed. The RF and LO sources (with 

OR output resistance) are coupled directly into the diodes. The differentiai voltage at the IF is 

caiculated with respect to the input RF and LO signals. Also, the load is assumed to have 

infinite resistance. Using Kirchoff's voltage and cumnt laws, the IF output voltage is 



Cbapter 3: Mathematical Anaiysis of the Mixer 31 

where VT is the thermal voltage. The solution of this equation agrees to within 2% of the 

harmonic balance simulation result, and the calculation is still quite manageable. However, 

the complexity nses quickly when the circuit is less simplified. For exarnple, to make the 

circuit more redistic, a 50f2 load is added between the output nodes, as shown in Figure 3.2. 

Figure 3.2 Sirnplified mixer circuit with a SOS2 load included. 

If the calculation accounts for this additional 50R resistor, the solution will become: 

where 

The above solution agrees with simulation within 3%. Nevertheless, cornparison of equation 

3.1 and equation 3.4 shows that the solution becomes much more complicated when only one 

resistor is addd to the simplified circuit. If the diode series resistance and junction 
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capacitance plus the three transfomers are included, the calculations involved in this 

approach become very time consuming. Therefore, another method of calculation is used. 

3.2 Harmonic Balance for circuit analysis 

In calculating important mixer parameters such as the conversion gain and IIP3, the output 

signal at the IF frequency must first be detennined. The previous solution, using the time 

domain approach, only finds the output signal waveform. Fourier analysis of the output signal 

is required to determine the iF signal. If the IF is the only frequency component of interest, it 

may be simpler to concentrate on the IF band only. This leads to the idea of harmonic bdance 

[28]. Unlike the time domain approach which solves for dl of the frequencies components, a 

hmonic bdance analysis includes only a select number of frequency components in the 

solution. The circuit is evaluated in both time domain and frequency domain, whichever is 

more convenient. Also, each frequency component is calculated individually wherever 

possible. This technique is used to anal yze nonlinear circuits ût multiple frequencies. In the 

remaining of this chapter, the technique of harmonic balance will be described and efficient 

implementation techniques on the computer will be discussed. Finally, an analysis of the 

current-biased diode mixer is presented. 

3.2.1 Identifying the frequency components 

The first step in a harmonic balance analysis is to express the currents and node voltages as a 

sum of frequency components. The important frequency components are identified by 

inspecting the signal sources and the nonlinear components in the circuit. In the mixer circuit, 

voltage sources are present at the RF and LO frequencies. The diodes are nonlineu devices 

responsible for the mixing of signals. The 1-V relationship of a diode can be expressed as a 

Taylor series [29], 
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In the above equation, the multiplication of sinusoidal voltages generates the higher harmonic 

components. When a signal with two fundamental frequency components at LO and RF is 

impressed across the diode, the voltage and current will contain frequency components at 

( mLû f nRF ( , where m and n are non-negative integers. 

A complete solution would require solving for dl of these harmonic components. 

However, in hmonic balance, only the dominant harmonics are king solved. In the mixer 

calculation, the RF signal power is at JOdBm to ensure that the mixer is far from the gain 

compression point. Since the +IdBm LO signal is much larger than the RF signal, the 

harmonics of the LO signal dominate the solution. For the current-biased diode mixer, seven 

orders of the LO signal are considered (i.e., m=l to 7). In the calculation of conversion gain, 

only the component at the frequency LO-RF is important, and hence only one order of the RF 

signal is considered (i.e., n= 1). 

3.2.2 Idenafying the nonlinear elements 

The next step in a hmonic balance analysis is to ideniify the nonlinear circuit elements and 

separate them from the linear elements. By confining the nonlinear behaviour to only the 

nonlinear eiements, linear analysis can be applied to the linear part of the circuit. For a circuit 

containing only a few nonlinear elements, this greatly simplifies the overall calculation. 

The nonlinear devices in the mixer circuit are the four diodes and the transistor. 

However, the transistor is not part of the AC circuit. Its collecter terminal, king the output of 

the current source, is shunted to ground by a 5pF capacitor. Therefore, nonlinear behavior of 

the current source is effectively eliminated, and the transistor can be replaced by an ideal 

current source for the purpose of analysis. With this simplification, the mixer circuit to be 
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analyzed can be drawn as shown in Figure 3.3. 

LO transformer 
(linear model) 

Differential LO input 
(total power = 1 dBm) 

0.5024 cos(yot) M 

0.5024 cos(yot) (VI 

Differential RF input 50 R 
(total power = -30dBm)- - i 

RF transformer 
(linear model) 

/ 
I ' - - 1  - 0.25 p f  - 0.25 pF z - I - 

Figure 3.3 Mixer circuit for calculation. 

The four diodes are the nonlinear devices responsible for the mixing process. The model of 

the diode used for the analysis of the mixer is show in Figure 3.4. It has a shunt parasitic 

capacitance of approximately 0.3pF, series resistance of approximately 1.6Q and other 

parasitics to the substrate. The small shunt parasitic capacitance may Vary with the diode 
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voltage, but its effect on the mixer performance is negligible. Therefore, it is simplified as a 

linear capacitor. This simplification, in addition to the ideaiization of the current source leads 

to some enors in the results. Errors will be considered at the end of this chapter. 

cathode - 
ID 1 6 7 . 5 ~ 2  

l I 
I I 0.1 51 9547pF 

0.3091 205pF 
I 

Figure 3.4 Schottky diode rnodel used in the mixer calculation. 

When sepanting the nonlinear and linear elements, the diode parasitics, which are 

modeled as linear elements, should be grouped into the linear network. Only the nonlinear 1-V 

characteristic of the diode is grouped to the nonlinear partition. Since the rest of the circuit is 

modeled by linear elements, the mixer can be represented by an eight-port linear network 

connected to the four diodes, as shown in Figure 3.5. 

I Linear Network 
port port port port port port port port 

1 1  2 3 4 5 6 7 8  

Figure 3.5 Partition of the mixer circuit into Iinear and nonlinear subcircuits. 

3.2.3 Mathematical cdculation for the noniinear partition 

Mer the circuit is divided into linear and nonlinear sub-circuits, the nonlinear part can be 

analyzed. This section confines the mathematical treatment only to diodes which manifest 

exponential 1-V characteristics. However, the technique is applicable to other nonlinear 
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devices as well. For example, with slight modification, it can be applied to bipolar transistors 

which also have sirnilar exponential1-V characteristics as the diodes. 

The time-domain voltage and current of the diode are the sum of components in the 

frequency domain. If the cdculation includes 4 orders of LO harmonics and the RF 

fundamental, the diode voltage, VD, can be represented as a sum of frequency harmonics by 

the following equation, 

+ %F + v~~ + RF + ' 2 ~ 0  + RF + V 3 ~ ~  + RF + V 4 ~ ~  + R F .  

+ V ~ ~ - ~ ~ + V 2 ~ ~ - ~ ~ + V 3 ~ ~ - ~ ~ +  V 4 ~ ~ - ~ ~  

The terms on the right hand side of equation 3.6 are the harmonic components. Each 

component contains a cosine and sine part, with the variable subscript denoting the frequency. 

An exception is the term VDC. It represents the diode voltage at DC. To denote the diode 

_3 

voltage as the sum of harmonic components, the notation VD (with an arrow above the 

symbol) is used to distinguish its specid meaning from an ordinary number. Similarly, the - 
diode current ID is the sum of d.c., fundamental and frequency harmonics. The voltage and 

current harmonics are related by the diode 1-V equation, 

For the Schottky diode used in the cdculation, 1 ~ 1  .65267x1w8 [A], k = ~  .380658~10-~~ [JN ,  

_.) 

q=1.6021n33~10"~ [Cl, n=1.02, T=300 [KI. Given a voltage V D  across the diode junction, the 

+ 
diode current ID  can be found accordingly. It is also possible to calculate the voltage 

harmonics if the current harmonics are given. This requires expressing the diode 1-V equation 

as a natural logarithrnic function. Unfominately, this function is difficult to handle 

rnathematically because the function is undefined for negative numbers. Thus, for the 



noniinear partition, the current components are calculated from the voltage hamonics, and 

not the other way around. 

3.2.4 Efficient techniques for the calculation of current harmonics 

In order to find the current harmonics, a Fourier analysis is required. in a traditional harmonic 

balance analysis, the fast Fourier transfomi (FFT) is often used to obtain the current or voltage 

harmonics. However, in the diode case, it is easier to obtain the current harmonics by using the 

series expansion of the exponential function shown below [29]. 

+ 
The first terni in equation 3.8, V D / V T '  can be easily evaluated because the harmonics are al1 

divided by a constant. The other tems involve multiplying with itself. Since the diode 

+ 
voltage V D  is a sum of harmonic components, the cosine and sine terms are being multiplied. 

The multiplication of sinusoids involve the following trigonometric identities [29]. 

1 sin A .  sin B = ~ S ( A  - B )  -  cos(^ + 6) )  (3 -9) 

1 
COS A. COS B = -(cos(A- B) + COS(A+ B ) )  

2 (3.10) 

1 
sin A -cos B = 2 -(sin(A - B) + sin(A + 8))  (3.1 1) 

The multiplication of two sinusoid signals generates two components: the term associated 

with (A-%), which is the down-conversion component, while (A+B) is the up-conversion 

component. Solving for the higher-order terms of the Taylor series (equation 3.8) requires 

multiplying repetitively. Since the diode voltage 5 is a surn of harmonic cornponents, 

the series expansion involves multiplying hundreds of cosine and sine terms. This cm be a 

formidable task, even for a cornputer. The following describes an efficient technique to 
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quickly multiply the voltage harmonics and io expand the Taylor series into current 

harmonics. First of dl, the frequency components are represented by cornplex numbers. The 

real part and imaginary parts represent the cosine and sine components respectively. For 

example, the voltage component at 2xLO is represented by 

V2LO= a c o s ( ~ ~ ~ ~ t )  + b - s i n ( ~ ~ ~ ~ t ) =  a + bj (3.12) 

All the voltage components are complex numbers except for VDC. This tem represents the 

DC voltage and it is a real number. The up and down-conversion process can be compared 

against the multiplication of complex numbers. For the up-conversion cornponents, the results 

closely resemble the multiplication of two complex numbers, as shown in the following table. 

Table 3.1 Up-conversion terms found by multiplication of complex numbers. 

Multiplication 
of two sinusoids 

a sin A x b sin 6 

For the down-conversion components, a modification must be made to the equivalent complex 

number multiplication, as shown in Table 3.2. This is because when sin(A) and cos(B) are 

rnultiplied, the down-conversion component can be positive, negative, or zero, depending on 

the values of A and B. 

asinAxbcos8 

Table 3.2 Down-conversion terms found by multiplication of complex numbers. 

Up-conversion 
component 

- 0.5ab cos(A+B) 

Multi p l ia  tion 
of two sinusoids 

0.5ab sin(A+B) 

Equivalent 
multiplication 

0.5 (aj x bj) 

Equivalent 
u p-conversion 

1 

- 0.5 ab 

0.5 (aj x b) 

Down-conversion 
component 

0.5 abj 

a sin A x b sin B 

acosAxbcos 6 

Equivalent 
multiplication 

asinAxbcos8,A>B 

asinAxbcosB,A=B 

asinAxbcosB,A<B 

Equivalent 
down-conversion 

0.5ab cos(A-B) 

0.5ab cos(A-B) 

0.Sab sin(A-B) 

O 

- 0.5ab sin(B-A) 

- 0.5 (aj x bj) 

0.5 (a x b) 

0.5 ab 

0.5 ab 

0.5 (aj x b) 

real(O.5(aj x b)) 

- 0.5 (aj x b) 

0.5 abj 

O 

- 0.5 abj 
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These problems can be solved by first checking the frequencies of the harmonics, and then 

applying the appropriate modification. In surnrnary, when two harmonics at frequencies f 1 and 

f2 are king multiplied, the up-conversion and down-conversion components are shown in 

equation 3.13. The harmonics are represented by two complex numbers Vf and Va , and their 

conjugates are v * ~  and vfPT . 

( ) f1=, VDC = 0.5 - real Vfl x V down 
conversion 

vf2-f1 = o*~(v;I ~ t 2 )  f l  c f2  

Vfl + f2 = 0.5( Vfl X Vf2) u p-conversion 

Another technique can be used to speed up the expansion of the Taylor series in 

equation 3.8. The n" term cm be easily calculated from the term by using equation 

3.14. As a result, finding the next higher-order terni for the series only requires a 

multiplication and addition of two harmonic signals. 

The above techniques can be prograrnmed using software such as MatlabTM and MathCADtM. 

As a result, the cunent hamnics are quickly determined from the voltage harmonics of the 

nonlinear diode elements. 

3.2.5 Mathematical calculation for the linear circuit 

The goal in the analysis of the linear portion of the circuit is to find the harmonics in voltage 

which are required for calculation in the nonlinear partition. The linear network can be 

characterized by the impedance matrix Z [30]. The Z matrix c m  be detennined by using test 

voltage or current sources. For the mixer circuit, the RF and LO input signal sources are 
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grouped into the linear network. Before finding the Z matrix, these input sources should be 

replaced with wire connections (Le., connect the 50Q output resistors of the sources directly 

to ground). Using the impedance matrix, the voltages and currents for an n-port network are 

related by the following systern of equations, where V, is the voltage at port n, and 1, is the 

current fiowing into port n. 

In the mixer calculation, the linear network is connected to the nonlinear diodes. 

Therefore, the port voltages and currents are sums of their respective frequency harmonics. 

Since the network is linear, there is no frequency translation within the linear network. As a 

result, at a given frequency, each voltage component can be calculated using superposition. 

The calculation is repeated until the voltage components at al 1 frequencies are determined. 

However, each element of the Z matrix may depend on frequency because the network 

consists of inductors and capacitors. Therefore, the Z matrix needs to be calculated at the 

frequencies of the harmonics as well. 

In the calculation of the Z matrix, the RF and LO signal sources inside the linear 

network are removed. When the RF and LO sources are present, there will be a non-zero 

voltage associated with the ports even if the linear network is not connected to anything. 

These open circuit voltages should be added to the voltage components when calcuiating 

signals at the RF and LO frequencies. 

3.2.6 Search for the solution 

Summarizing the discussions on mixer calculation, the circuit is first divided into a linear 

network, and a nonlinear partition consisting of four diodes. From the nonlinear part, the 

diode currents are determined from the diode voltages. From the linear network and the diode 
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currents, the voltage at each port is calculated. Hence, the diode voltages are deternined. 

However, neither the voltage nor the current is known in the beginning of the calculation. 

First, an estimate of the diode voltages is made. Using the estimated voltage components, a 

new set of voltage components can be calculated, as shown in Figure 3.6. 

linear network calculated voltage 
calculation ) hannonics 

current harmonics 

Figure 3.6 lterative calculation of the voltage harmonics from initial guess. 

If the calculated ûnd estimated voltage harmonics are not the same, then the estimated 

harmonics are not the solution. By taking the difference, E, between the calculated and 

estimated values of ail the harmonics, a solution cm be found by minimizing 1 & 1. 

In the calculation of the mixer, the gradient search method is used to locate the 

solution of the voltage harmonics. It is an iterative search method, with each iteration 

approaching the solution by examining the gradient of the function. Since the higher 

harmonics dirninish in magnitude, the search cm start from the lower-order harmonics, and 

then the calculation is extended to include higher-order harmonics in order to increase the 

accuracy. When the solution for the voltage harmonics is obtained, the current harmonics are 

obtained as well. Any of the node voltages and currents within the linear network can then be 

calculated from either the boundary voltage or current solution. 

3.3 Mixer circuit calculation 

Applying the mathematical procedures discussed above, the calculation of the mixer circuit, 

as shown in Figure 3.3, wiil be discussed in this section. 
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3.3.1 Calculating the LO harmonics 

The LO is a signal of ldBm total power at the input ports. It is therefore about a thousand 

times larger than the -3OdBm RF signal. Because of this, the presence or absence of the RF 

signal does not affect the solution for the LO signal, and the LO signal harmonics cm be 

calculated without the RF signal sources. Seven orden of LO harmonics are considered in the 

calculation. 

To verify the result of the calculation, the mixer circuit of Figure 3.3 was simulated in 

HP-EEsof LibraTM, an RF design and simulation tool. The LO harmonics across one of the 

diode junctions (the left most diode in Figure 3.3) are listed in Table 3.3. There is excellent 

agreement between the calculation and simulation results for the lower-order harmonics. The 

accuracy of the calculated current harmonics is sirnilar to the voltage hannonics. 

Table 3.3 The calculated voltages of the LO harmonics across the diode junction. 

I 

i 1 5.55 GHz 1 296.2 - j84.7 mV 1 296.2 - j84.8 mV 

voltage component 

LO order 

2 1 11.1 GHz 1 -14.53 + jt3.97 mV 1 -14.59 + jl3.94 mV 

3 1 16.65 GHz 1 -2.58 + j16.61 mV 1 -2.74 + j16.74 mV 

Frequency 

- - -- 

4 1 22.2 GHz 1 -1.56 + j6.66 & 1 -1.56 + j6.90 mV 

5 1 27.75 GHz 1 -3.01 + j1 .O7 mV 1 -2.81 + j1 .O5 mV 

calculation 

6 1 33.3 GHz 1 -3.43 + j0.02 mV 1 -3.25 + j0.66 mV 

hp EEsof Libra 
simulation 

7 1 38.83 GHz 1 -0.967 - j0.286 mV 1 -1 .O09 - j0.979 mV 

1 % of difference 
i inmagnitude 

3.3.2 Calculating the RF harmonics 

After the LO harmonics are calculated, the next step is to include the RF source which 

supplies -30dBm total power at 5.3GHz to the mixer circuit. Since the RF harmonics are very 

small, only one order is considered. When the RF harmonics are rnixed with the LO 
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harmonics, the calculation becomes much more complicated for the nonlinear sub-circuit. 

Consider the diode junction given by the following equation, 

current hamonics = Io LO voltage harmonics + RF voltage harmonics )- 1) (3.16) 
T' 

The LO voltage harmonics are mixed with the RF harmonics by the exponential 

function. in other words, when the Taylor series of the exponential function is expanded, the 

LO hamonics and the RF harmonics are multiplied hundreds of times. Fortunately. the 

mixing between the LO and RF harrnonics inside the exponential function can be avoided 

using the following property of the exponential function [29], 

e a + b  a b = e - e  (3.17) 

AIso, the "- 1" term to the diode 1-V equation cm be neglected, because the diode saturation 

current 1, is very small compared to the signals in the circuit. (For the diodes used in the 

mixer, Is=1.65267x1 O-~[A]), 

Applying equations 3.17 and 3.18 to equation 3.16, the LO harmonics are separated, as shown 

below in equation 3.19, 

current harrnonics = /*exp( LO voltage harrnonics )eXp(RF voltage harrnonics 
T' "T' 

(3.19) 
= LO current hamonics x exp (RF voitage harmnics 

T' 

The LO harmonics were already solved previously. Using this technique, the series expansion 

become much easier because cross multiplication of the RF and LO harmonics are eliminated. 

Table 3.4 shows the result for the RF voltage harmonics across the diode junction (the 

left most diode in Figure 3.3). The table only lists the RF harmonics that are mixed with up to 

4 orders of the LO hamonics. There is good agreement between the calculation and harmonîc 

balance simulation results for the RF and IF hamonics. Using the IF signal component, the IF 
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signai at the output port can be found, and the conversion gain calculated. The conversion gain 

from caiculation and simulation are -6.1 1dB and -6.13dB, respectively. 

Table 3.4 The calculated voltages of the RF harrnonics across the diode junction. 

I I I I voltage component I 

calculation 

O 1 5.3 GM (RF) 1 -5.629 +j 3.715 mV 

hp EEsof Libra 
simulation 

I , 
-5.606 + j3.703 mV 1 0.380 % 

% of difference 
in magnitude 

2 

1 1 1 27.5 GHz 1 0.200 - j0.156 mV 1 0.198 - jO.148 mV 1 2.70 % 1 

3.963 + j1.962 mV 

1 .O20 + j0.263 mV 

- - 

3.976 + j1.958 mV 

1 .O1 2 + j0.263 mV 

- t 
1 

3.3.3 Calculation of IlP3 with a one-tone test 

0.21 8 % 

0.737 O h  

r -- 

250 MHz (IF) 

10.85 GHz 
t 

- 1 

1 

The measurement of HP3, as discussed in Appendix A, involves supplying a RF signal 

consisting of two tones. Unfortunately, it is difficult to calculate IIP3 using a two-tone RF 

signal together with the LO signal, because the complexity of the calculation is greatly 

increased. A technique was developed to use a single RF tone to detemine HP3, and therefore 

only a slight modification is needed to the previous calculation in order to find the IIP3. 

- 1 

1 

11.35GHz 

21.95 GHz 

The intermodulated components PM3 are produced by the third-order nonlinearity in 

the mixer circuit. When one RF input tone is applied, the third-order harmonic distortion is 

generated by the multiplication of VLd<Vw~VRF~VRF, where the frequency is exactly at the 

IF (ic. ,  LO-RF-RF+RF). In order to distinguish this distortion component from the IF desired 

signal, a two-tone test is required. However, unlilce measurement, the calculation c m  keep 

5.8 GHz 

16.4 GHz 

track of the third-order harmonic distortion and the desired signal components separately. 

-0.170-j0.214mV 

-0.049 - j0.503 mV 

0.486 + j0.0214 mV 

0.521 - j1.243 mV 

-0.173-j0.197mV 

-0.054 - j0.481 mV 

0.477 + j0.0206 rnV 

0.535 - j1.231 mV 

4.38 % 

4.21 % 

1.83 % 

0.403 % 
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By modQing the previous calculation to account for two orders of RF harmonics, the 

IIP3 c m  be calculated using a one-tone test. The calculation for the RF harmonics assumed a 

RF signal power of -30dBm. This is equivalent to a two-tone test with -33dBm power for each 

tone. Therefore, in the calculation, the input power is considered as -33dBm, not -30dBm. 

Using this technique, IIP3 of the mixer circuit is calculated with one single tone. The 

results €rom cdculation and simulation are 8.85dBm and 9. IZdBm, respectively. Although the 

two results are different, the high linearity in both results implies that the third-order distortion 

harmonics are very small. According to the calculation and simulation, the distortion at the 

output (with a 50R load) is about O. 16pV and 0.1 5pV respectively. This smail discrepancy 

results in slightly different IIP3 values. 

As mentioned in the beginning of this chapter, there are two simplifications made to 

the circuit. The transistor current source is replaced with an ideal current source, and the 

parasitic capacitance of the Schottky diodes is assumed to be invariant with the diode voltage. 

These simplifications add some error in the results, which are compared in Table 3.5. The 

calculation and simulation results of the simplified circuit agree well with the simulation 

results of the originai mixer circuit. This justifies the simplification assumptions and 

mathematical concepts presented in this chapter. 

Table 3.5 Calculation and simulation results of mixer gain and IIP3, 

1 conversion gain 1 -6.1 1 dB 1 ô.13dB 1 6.1468 1 
Mixer parameter 

3.4 Insights gained from the calculation 

Foilowing the mathematical analysis of the mixer, some insights gained from the analysis will 

be discussed in this section. The purpose is to get a better understand of mixer operation, and 

Calculation of 
simpli6ed mixer 

Simulation of 
simplined mixer 

Simulation of 
original mixer 
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to provide some guidelines in optimizing the conversion gain and linearity of a mixer. 

3.4.1 The effect of a DC voltage for a diode junction 

Consider a diode king tumed off by a negative DC voltage source. In order to switch the 

diode on and off, a relatively large LO signal must be used to overcome the negative DC bias. 

The more the diode is reversed biased, the larger is the LO signal required to turn on the diode. 

Few mixer designers would bias the diodes with negative DC voltage and switch them on and 

off, but this situation does happen in the popular diode ring mixer design. In a diode ring 

mixer, two pairs of anti-parallel diodes are driven by the LO signal source. Because of the 

symmetry between the diode pairs, each diode has OV DC voltage. However, when the diodes 

are toggled on and off by the LO signal, a positive DC current fiows through each of the 

diodes, and a voltage drop appears across the diode series resisiance. This leads to a negative 

DC voltage across the diode junction, as shown in Figure 3.7. 

Figure 3.7 Diode junctions being negatively OC biased in a ring mixer. 

The effect of a negative DC voltage across the diode junction can be further explained 

mathematically. Consider the voltage and current harmonics across a diode junction: 

current harmonics = 1, DC voltage + voltage harmonics 

v ~ '  

In fact, the DC voltage component is not directiy involved in the mixing, but it effectively 

changes the diode saturation current, 1,. Dropping the linear term for small 1, in equation 3.20, 

and using the exponential identity of equation 3.17, the above equation can be rewntten as: 
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current hamnics = 1,exp (DC ;O?) , eXP (voltage harmonies 

"l' 

voltage harrnonics 

where 

As a result, the effective saturation current, IeR depends on the DC voltage component. 

Since V j is 26mV at room temperature, a small DC voltage results in a large change in Ien. 

For example, consider a diode ring mixer, which typically has an estimated DC current of 

6mA, and a typical diode series resistance 6R. This results in a -36mV DC voltage across the 

diode junction. As a result, the diode saturation current is effectively rcduced by 4 times. 

Compared to the current-biased diode mixer which has a DC voltage of +60mV (Table 3.3), 

the effective saturation current is increased by 10 times, or about 40 times Iarger than that for 

identical diodes in a conventional ring mixer. 

3.4.2 General procedures in mixer design 

In the mathematical analysis of the mixer, the circuit is separated into linear and 

nonlinear sub-circuits. The voltage and current cornponents are evaluated at different 

frequencies. From the preceding analysis, a few mixer design guidelines can be observed. 

The mixer can be viewed as a linear network connected to the RF and LO sources, a 

nonlinear device and the IF load. This is shown in Figure 3.8. The signal source input may 

denote a singleended or a differentiai input. The nonlinear elements are represented by a 

single diode, which acts as a signai generator for the IF signal. 
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I - 

IF port + 
50 Q 

RF port mixer linear network VD 
LO port - 

50 R 
- - 

ID 
- - 

CI 

Figure 3.8 A mixer block diagram. 

To design a mixer with good conversion gain and linearity, the following guidelines 

can be used in designing the linear network of the mixer. 

i) Optimize signal transmission from the input ports to the diode at the input 

signal frequencies, and from the diode to the load in the IF band. 

ii) The RF, LO and IF ports should have 50S2 input impedances to avoid signal 

reflection. 

iii) Minimize signal loss in the diode parasitics. 

iv) The network seen by the diode junction should be low-pass in nature, with 

cut-off frequency above 2xRE 

The above guidelines are obtained by observing the generation of the IF output signal Po,, and 

the intermodulated signal PM3 Pwt is generated by the multiplication of the two complex 

sinusoids: VLO x VRF. TO attain a good conversion gain, the LO and RF signal power across 

the diode junction should be maximized. On the other hand, PIM3 should be minimized to 

attain high linearity. PM is generated by the multiplication of VLo x VRF x VRF x VRF , and 

also by VLO x Vmx VRF . One cannot suppress VLO and Vw , because the IF output comes 

from these signals. The only term which can be suppressed is Vm. This can be done if the 

network across the diode junction is low-pass in nature above frequencies 2xRF. Using these 

guidelines, the implementation of the mixer will be discussed in the next chapter. 



CHAPTER 

Mixer Implementation 
and Lavout 

The design and irnplementation details of the mixer circuit are described in this chapter. The 

current-biased diode mixer consists of three transformers, Schottky barrier diodes, and a 

current source. The mixer does not need fast transistors. it only requires that the technology 

supports Schottky diodes and that monolithic transformers can be implernented. Thecefore, 

the circuit can be implemented in bipolar, BiCMOS, or CMOS technologies. The design of 

these individual components are explained in this chapter. Various layout issues, such as UO 

port and component placement, shielding, PAD configuration and capacitor tcimming are also 

discussed. 
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4.1 Monolithic Wansformer Implementation 

Transformers, like the inductors, operate by the law of induction. However, unlike the 

inductor (which has one coil), the uansformer has two windings: primary and secondary coils 

wound around each other. When a time-varying current passes through an inductor, a time- 

varying magnetic field is generatted, and the changing magnetic flux induces a current flowing 

in the sarne winding. On the other hand, when the pnmary coil of a transformer is excited by a 

signal source, the secondary coil provides a separate path for the induced current to flow to a 

load. Therefore, the transformer provides DC isolation between the signal source and load. In 

RF circuits, transfomers find applications in feedback paths, impedance matching networks 

and coupling networks between circuit stages. 

When the transformer is implemented on silicon, microstrip lines are connected in o 

square spiral fashion to fonn the prirnary and seconduy coils [3 11. In the current-biased diode 

mixer, transformers are used to couple differential RF and LO signals to the Schottky diodes. 

To maintain a double-balanced structure for the mixer, there should be symmetry between the 

positive and negative terminals of the transformer, so that the parasitics af'fecting the 

differential signal paths are the sarne. A syrnmetric transformer is shown in Figure 4.1 [32]. 

The positive and negative terminals of the primary coil are labelled as P and P respectively, 

while the secondary coil terminais are labelled as S and S. The top metal is used for the 

windings to minimize the parasitic capacitance and dissipation to the substrate, and to reduce 

ohmic losses. 

T 
outer 

dimensior 

1 
Figure 4.1 Physical layout of square symrnetric spiral transformer. 
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In order to use the monolithic transformer as a design component, the electrical characteristics 

of the transformer must be modeled properly. The magnetic coupling in a monolithic 

transformer is calculated €rom the mutual inductance between microstrip lines [33]. A 

computer program, GEMCAP2, was developed to generate computer models for square spiral 

inductors and transfomers [34]. GEMCAP;! uses lumped elements to model the resistive and 

capacitive parasitics, and mutual inductance of coupled microstrip lines. After the lumped 

element model for each microstrip line in the transformer is generated, a complete model is 

obtained by connecting dl the lumped element models together. In this thesis, GEMCAP2 is 

used to generate the monolithic transformer models. The models are then used in circuit 

simulators such as HSPICETM and LibraTM. 

For a transformer with 3 to 4 tums on each winding, the GEMCAP2 model consists of 

hundreds of elements. To assist hand analysis, a compact transformer model is developed. The 

compact model uses lumped elements to mode1 the overall mutual inductance, resistance and 

parasitics of the transformer. An example of a compact model for a square syrnmetric spiral 

transformer with a tums ratio of 1:n is shown in Figure 4.2 [35]. 

Figure 4.2 Compact model for a silicon RF IC transfomer. 
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Because of the symmetry in the hyout, the transformer model consists of identical 

lumped elements dong the positive and negative signal paths. At the core of the compact 

model is an ideal Iinear transformer with magnetizing inductance, kLp and tums ratio 1:n. The 

magnetic path for the transformer is via an "air-core" because of the absence of magnetizing 

materials. Hence, there is no dissipation associated with the magnetizing inductance. 

Inductance and resistance in series with the windings account for the self-inductance and 

ohmic losses. Interwinding capacitnnce is modeled by a capacitor, Co, connected between the 

two coils. The capacitive parasitics to the substrate are represented by the series connection of 

capacitors Co, and Csi. The signal dissipation contributed by the finite conductivity of the 

substrate is modeled by the resistor, rpsi. Non-ideality of the magnetic coupling between the 

windings of a transformer is described by the coupling coefficient, k. 

The component values in the compact model cm be obtained from the GEMCAP2 

model. First, the S-parameters of the GEMCAP2 model are cdculated by a circuit simulator. 

(Further discussion on the measurement of S-parameters cm be found in Appendix B.) The 

component values in the compact model are then adjusted until the S-parameters for the 

compact and the GEMCAP models match each other. This can be done with circuit simulators 

capable of optimization and parameter fitting, such as HSPICETM or LibraTM. 

4.1.2 Designing the monolithic transformer 

From the discussion of the mathematical analysis in Chapter 3, the signal loss from the RF 

and LO ports to the diode should be minimized. This implies that the transformer must have 

good signal transmission from the primary to the secondary coi1 in the desired signal 

passband. Flux linkage between the primary and secondary coils is maximized when k and Lp 

are as high as possible. Close spacing between metal lines ensures tight magnetic coupling 

and a high k-factor. The interwinding capacitance is still small when closely spaced lines are 

used because the metal thickness is only 2 p  [34]. Therefore, the minimum allowable 
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microstrip spacing is used, which is 2.8pm for the siücon technology used for the mixer. 

The signal loss in a transformer is mainly caused by the metal series resistance and the 

substrate dissipation. The series resistance dominates the signa: loss at low frequencies, 

because the substrate is separated from the metal by a Iayer of silicon dioxide. Therefore, 

longer and wider metal lines can be used for transfomiers operating at low GHz frequencies. 

At higher frequencies, the substrate parasitics corne into play, and the substrate loss becomes 

significant. 

Capacitors can be added in shunt with the primary and secondas, temiinals to tune the 

response and decrease the losses between the input and output ports. As seen from the 

compact rnodel, the shunt capacitance and leakage inductance form an 'L'-type matching 

network. %y appropriate selection of Cp and Cs, the impedance appearing in shunt with the 

transformer is made parailel resonant with the magnetizing inductance [35]. 

load 

L-type matching networks 

Figure 4.3 Resonant tuning for a transformer being driven differentially. 

4.1.3 RF transformer 

The RF transformer is designed to have a maximum in the passband at 5.3GHz. The passband 

depends not only on the transformer design, but also the load which the transformer is driving. 

For the RF transformer, each terminal of the secondary coii drives two Schottky diodes in 

parallel. The junction capacitance of each Schottky diode is about 0.3pF, and the diode to 
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substrate capacitance is about 0.15pF, giving a total capacitance of 0.8pF to 0.9pF. Therefore, 

the RF transformer is designed so that the passband is at 5.3GHz when a load has 0.8pF to 

0.9pF capacitance. Since the transformer has a 1: l tums ratio, the self-inductance present on 

the primary coil should also be tuned out by 0.9pF capacitors. Including the signal line 

capacitance, the transformer was designed such that the passband is at 5.3GHz. when 0.95pF 

capacitors are placed between the primary terminals and ground, and also between the 

secondary temiinals and ground (Le., Cp=0.95pF, CS=0.95pF). 

To achieve an optimal transformer passband at 5.3GHz, the transformer should act as a 

a matching network between the signal source and the load for maximum power transfer. 

Since the RF transformer is dciven differentially, its half-circuit, as shown in Figure 4.4, is 

considered first. Parasitics to the substrate are not considered in this analysis because they are 

shunted capacitors Cp and Cs, which have a lower impedance at 5.3GHz. Also, the metal 

series resistance which is on the order of a few Ohms is not considered. Therefore, the RF 

transfomer, which has a 1 : 1 tums ratio. can be represented by the mutual inductance kLp, and 

leakage inductance (1-k)Ld2 on the primary and secondary coils. These three elements forrn 

the T-mode1 of the transformer, as shown below in Figure 4.4. 

transformer T-model 

Figure 4.4 Simplified half-circuit of the RF transformer. 

Maximum power transfer from the load to the source occurs when the load impedance 

reflected fiom the secondary coil to the primary coil remains 50Q so that it matches to the 

signal source impedance. In other words, in order to have maximum power transfer, the 

impedance at point F (looking towards the load), which is denoted by ZF, rnust be matched to 
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the source impedance Zs . This condition is satisfied only at certain values of magnetizing 

inductance Lp. Therefore, using the haif-circuit mode1 in Figure 4.4, the required L,, of the RF 

transformer c m  be estimated by solving the following equation, 

Since the source impedance Zs is a real number, equation (4.1) c m  be rearranged as 

It can be shown that the impedance at point F (looking towards the load) is 

By substituting equation (4.3) into equation (4.2), the following equation is obtained. 

c o 2 ( k 2 - 1 ) ( - l + j a ~ S ~  P ) ( l+ joZ 2jo(ZS-ZL+jaZSZ L (C  P +CS))  

= O  (4.4) 
3 

~ ~ [ - ~ w  P cp(k2 - 1 )(1+ ~ o z ~ c ~ )  { -2iai(l+ j o ~ ~ i ~ ~  + cS)) - 4zL 

For monolithic planar transformer in silicon technology, k is typically between 0.7 to 0.8 [35]. 

In our calculation, k=0.75 is assumed. By substituting Zs=ZL=50, ~ ,=~ ,=0 .95~10- '~ ,  

o = 2 m 5 . 3 ~  lo9, and kd.75 into equation (4.4), the following equation is obtained. 

The above equation is 

Therefore, Lp c m  be 

satisfied when its numerator is equal to O. In other words, 

determined by solving equation (4.6). There are two solutions of Lp 
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where the impedance starting at the 50R load at point A (in Figure 4.4) can be brought back to 

50Q at point F (looking towards the load). The first solution is Lp=5.03nH. The impedance 

change from point A to point F in Figure 4.4 is plotted on the Smith chart in Figure 4.5. Since 

Lp is quite large, the shunt reactance of the munial inductance, king inversely proportional to 

Lp, contributes little impedance change from point C to point D. The circuit is matched at 

5.3GHz, where perfect transmission is achieved as well. This is shown in Figure 4.6. (For 

more about transmission coefficient see Appendix B.) 

impedance change 
along the impedance circle 

impedance change 
along the conductance circle 

Figure 4.5 lrnpedance change from load (point A) to source (point F), LP=5.03nH. 

Figure 4.6 S2( of the transformer haif-circuit with tuning capaciton, LpS.03nH. 

- - . . . . .- . 

- 
1 2 3 4 5 6 7 

Frequency (GHz) 
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Maximum power transfer also occurs where Lp=l. 17nH. Using this second solution, 

the impedance change from the load at point A (Figure 4.4) to the source at point F is plotted 

on the Smith chart in Figure 4.7. The transmission coefficients are plotted in Figure 4.8, which 

shows that perfect transmission occurs at 5.3GHz. 

impedance change 
dong the impedance circle 

impedance change 
dong the conductance circle 

Figure 4.7 lmpedance change from load (point A) to source (point F), Lp=l. 1 7nH. 

9 4 5 6 7 

Frequency (GHz) 

Figure 4.8 S2, of the transformer half-circuit with tuning capacitors, Lp=l .l7nH. 

From the above analysis, assuming ka.75, the magnetizing inductance of the RF 

transformer should be either S.03nH or 1.17n.H in order to maximize the transmission at 
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5.3GHz. Comparison between the transmission of the two solutions (i.e., Figure 4.6 and 

Figure 4.8) shows that the transformer with Lp=S.03nH has a wider transmission band at 

lower frequencies. It is because the mutual inductance in shunt to ground is low-pass in 

nature, and a larger mutual inductance results in a lower cut-off frequency. However, the 

wireless LAN standards has only lOOMHz receiving bandwidth (refer to Chapter l ) ,  and 

therefore the wider passband does not provide any substantial benefit. On the other hand, a 

transformer with Lp=5.03nH is larger than the transformer with Lp=1.17nH. Also, a larger 

transformer has more substrate parasitics. As a result, the RF transformer is designed to have 

L p 4 .  17nH. Once the required Lp is estimated, the physicd design of the transformer c m  be 

considered. It is found that for transfomen to have Lp around 0.4nH to 0.8nH, the nurnber of 

tums for each of the primary and secondary windings should be two or three. Transfomers 

with 8pm wide metal lines and three tums per winding are first considered. The transmission 

coefficients and passband of transformers with outer dimensions 170pm, 200pm, and 220pm 

are shown in Table 4.1. 

Table 4.1 Passband of transformers with 3 turns per primary and secondary coil. 

I 220 pm I -0,898 dB 1 3.9 GHz 1 

outer dimension 

170 pm 

For a transformer with three tums per coil, it requires an outer dimension of 170pm for 

a passband centered at 5.3GHz. However, the decrease in S2L for transfomers (refer to Figure 

4.1) with dimensions 2ûûpm down to 170pm is relatively large, because the inner dimension 

of the transformer is getting srnaller. In order to keep a larger inner dimension, transfomers 

with two tums per coil are considered next. The transmission coefficients and passband for the 

maximum lSall 

-1 .O5 dB 

- -- 

optimal passband 

5.3 GHz 
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RF transformers with outer dimensions 175pm, 200pm and 2 5 0 ~  are listed in Table 4.2. 

Table 4.2 Passband of transformers with 2 turns per primary and secondary coil. 

As shown in Table 4.2, the transformer with an outer dimension 200pm has a passband 

centered at 5.3GHz. Its k factor and Lp is quite close to the estimated values (k9.75 and 

Lp=l. 17nH). Comparing transformers between two and three turns per winding, and with the 

same passband centered at 5.3GHz, the transformer with two turns per winding has 0.15dB 

higher transmission coefficient. Transformers with 1 turn per coil were also studied. However, 

the transmission does not continue to improve by further reducing the number of turns, 

because there is little mutual magnetic coupling between windings of one turn each. 

outer dimension 

175 pm 

200 pm 

The metal width of the transformer is yet another design parameter. The metal line 

width considered ranges from 6pm to 14pm. For transformers with the same outer dimension. 

one with wider metal lines will have a shorter total winding length. This decreases the 

winding inductance, and the centre of the passband increases. In order to keep the passband 

centered at 5.3GHz, the outer dimension of the transformer must be increased accordingly. 

The SZ1 of transformers with different conductor widths are listed in Table 4.3. 

Table 4.3 SZ1 of transformers with metal width from 6 to 14pm, and 2 turns per coil. 

maximum lSzll 

-1 .O1 dB 

-0.896 dB 

optimal passband 

6.0 GHz 

metal width 

6 ~m 

k 

0.738 

outer dimension 

180 pm 

L~ 

1.07 nH 

5.3 GHz 1 0.758 1.39 nH 

maximum 1S2tl 

-0.983 dB 

op timd passband 

5.3 GHz 
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From Table 4.3, the optimal metd width is 12pm, and SZ1 is -0.82dB at 5.3GHz. 

However, due to limited time in the project, the optimal metal line width has not k e n  

implemented. Instead, the RF transformer is designed to have 8pm wide metal lines, metd 

spacing of 2.8pm, and outer dimension of 200pm x 200pm. This results in SZI of -0.9dB, or 

about 0.08dB lower than that of the optimal transformer design. The layout of the RF 

transformer is shown in Figure 4.1. 

4.1.4 LO transformer 

The LO transformer was originated from a tri-filar transformer structure first proposed by 

Long [35]. As shown in Figure 4.9, the LO transformer has two secondary coils and two 

primary coils. To excite the transformer with one pair of differential LO inputs, the two 

primary coils are connected in parallel in the mixer layout. The centre-taps of the secondary 

coils are connected to the IF+ and IF- tenninals of the current-biased diode mixer. 

connect to IF+ 

connect to IF- 

Figure 4.9 Physical layout of the LO transformer. 

The magnetic coupling between the windings is quite complicated. It is because each 
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quarter-tum winding couples to a different winding, the simple compact model cannot 

accurately descnbe the transformer behaviour. As a result, the original GEMCAP2 model was 

used for design and simulation purposes. 

Each secondary coi1 is connected to a pair of Schottky diodes with the cathode 

terminais shorted together. When the diodes are driven differentially, the cathodes become 

virtual grounds. Since the diode capacitance can be used to resonate with the transformer 

inductance, the transformer is designed to have a passband maximum at 5.55GHz with each 

secondary terminal driving a 0.3pF capacitive load. 

To minirnize the length of signal traces, the Schottky diodes are placed inside the LO 

transformer. The design of the LO transformer and the Schottky diodes are considered 

together, so that the transformer has enough space in the center for the diode placement. and 

the passband is centred at 5.55GHz. 

Increasing the diode area would reduce the series resistance, but the junction 

capacitance increases proportionally. The junction capacitance can be used to nsonate with 

the mutual inductance and self-inductance of the transformer so that the diodes are matched to 

the LO source at 5.55GHz. On the other hand, the diode series resistance, king dissipative, 

contributes to signal loss. Therefore, the design can tolerate large junction capacitance, but the 

series resistance should be minimized. However, the LO transformer inductance varies with 

the transformer inner and outer dimensions. This presents a trade-off in choosing the size of 

the LO transformer and the Schottky diodes as illustrateci in Figure 4.10. 

As a result, the diode area is chosen to be large, but limited to a size so that there is still 

enough space in the transformer center for the diodes placement, and the diode capacitance 

can be resonated out by the transformer inductance at 5.55GHz. 
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LO transformer 

LO transformer 

Design A: large transformer, small diodes 

Goal: at 5.55GHz, large mutual inductance 
resonates out small diode capacitance. 

Problem: small diodes resuIt in high diode resistance 

Design B: small transformer, large diodes 

Goal: at 5.55Gîiz, small mutual inductance 
resonates out large diode capacitance. 

Problem: not enough space for diode placement 

Figure 4.10 Trade-off in the sizing of the LO transformer and the Schottky diodes. 

The first design parameter to be considered is the number of tums per coil. Since the 

LO transformer has two prirnary coils (connected in parallel) and two secondary coils, the 

total number of tums is four times the nurnber of tums per coil. If the LO transformer has 

three tums per coil, there will be a total of 12 turns, and the LO transformer requires outer 

dimension of 350pm to 400pm in order to have some space left in the center for diode 

placement. This results in a passband below 4GHz. On the other hand, if the LO transformer 

has only one tum per coil, the transformer requires outer dimension of 700pm to have a 

passband at 5.55GHz. To Save silicon space, the transformer can be made compact by having 

two tums per coil. 

Once the number of tums is detemiined, the outer dimension was selected by 

considering diodes with different capacitances. For diodes with 0.4pF junction capacitauce, 

the LO transformer must have outer dimension of 320pm to have a passband at 5.55GHz. The 
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space in the transformer center is 1 5 0 p  x 150p.m. About one third of the space is occupied 

by wiring connections, and there is not enough space for diode placement. For smaller diodes 

with junction capacitance 0.3pF, the transformer should have an outer dimension of 3 4 0 p  

for a passband at 5.55GHz. There is still not enough space in the y-dimension, but the 

transformer cm be stretched to 320pm x 360pm to accommodate the diodes. Like the RF 

transformer, the LO transformer has metd spacing of 2.8pm, and metal width of 8pm. The 

transmission coefficient of the transformer is  shown in Figure 4.1 1. Since the input power is 

divided between two secondary coils, there is a minimum of 3dB power Ioss for each coil. 

Ohmic resistance and parasitic capacitance hirther increase the loss to 4.42dB at 5.6GHz. 

F r c q u c n c y  5 0 0 . 0  MHz/DiV 

At marker Ml, 
frequency = 5.6GHz 
1S2, 1 =-4.42dB 

Figure 4.1 1 Simulated transmission of the LO transformer (with tuning capacitors) 

4.2 Schottky diode implementation 

A Schottky barrier diode is formed by a metal layer in contact with a semiconductor (e.g., n- 

type epitaxial layer on a p-type substrate), and its electrical characteristics are similar to an 

abrupt one-sided p+-n junction. The Schottky diode is a majority-carrier device, so the storage 

time due to the recombination of rninority carriers is eliminated, making the diode suitable for 

very high frequency applications [36]. A Schottky diode mode1 is shown in Figure 4.12. The 

main diode parameters are the saturation current, Is, junction capacitance, C j, and the series 
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resistance, Rs. Due to the difference in doping concentration between the epitaxial layer and 

the substrate, there is a parasitic diode connecting the cathode and ground. The effect of this 

parasitic diode is mainly capacitive because it is reversed biased. For example, when the mixer 

circuit was analyzed in Chapter 3, this parasitic diode was replaced by a capacitor in series 

with a resistance. The results between calculation (refer to Chapter 3) and harmonic balance 

simulation of the original diode model (Figure 4.12) agree well with each other. 

ariode - 

to substrate 

Figure 4.12 A generic Schottky diode model. 

To meet the design constraints discussed in the previous section, the Schottky diodes are 

designed to have junction area of 3 8 4 p 2 .  The model predicts a series resistance of 1.6Q and 

a junction capacitance of 0.3pF. To increase the conductivity of the diode, the anode and 

cathode are divided into stripes interleaving between each other. The anode is divided into 6 

stripes. Each stipe is 40pm long, and 1.6pm wide. The cathode is divided into 7 stripes of 

bottom metal layer connecting the n-epitaxial region through a highly doped n+ difision. 

4.3 Mixer physical design 

The physical layout of the mixer design plays an important role in the circuit performance at 

RF. This section highlights the important layout detaiis which may minimize signal loss and 

unwanted signal coupling. 
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4.3.1 Component placement 

The LO signal is strong compared to the RF and IF signals. Undesired coupling between the 

RF and LO signai must be rninimized because their signal frequencies are very close togethet. 

On the other hand, the IF signai can tolerate a little more of the LO interference, because the 

IF bandpass filter placed after the mixer can remove the LO inference. As a result, the RF and 

LO signals are launched into the mixer from the opposite sides of the chip, as shown in Figure 

4.13, making these two signal groups as far apart as possible. Once the positions of the y 0  

ports are determined, the other components are placed accordingly. The layout of the mixer 

corresponding to the circuit schematic of Figure 3.3. 

bbt 1.15mm qqd 

Figure 4.13 Layout of the current-biased diode mixer. 

Symmetry between the positive and negative differential signals is maintained in the 

layout so that the double-balanced architecture will provide LO-IF and LO-RF isolation. Care 

has k e n  taken to prevent the strong LO signals from leaking into the RF and IF signal paths. 

In some cases when unwanted coupling is inevitable, the RF signal paths are placed such that 
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they are affected by approximately the same amount of coupling from both the positive and 

negative LO signals, so that the interference is rninimized. 

The RF and LO transformers are placed lOOpm apart, and a ground strip is placed 

between them. A ground ring is placed around the mixer to provide shielding from the 

electromagnetic inference from other circuit components adjacent to the mixer. 

4.3.2 UO pad layout 

The pads at the input and output terminais are used for bond wiring and on-wafer probing. To 

avoid the signal dissipation to the lossy substrate, a ground plane made with the bottom metal 

layer is placed underneath the UO pads. Although the parasitic capacitance is increased, it is 

not dissipative, and it c m  be part of the tuning capacitor for the transformers. This minimizes 

the signal loss over the conductive substrate. 

The mixer chip is intended to be wiifer probed before packaging. For conducting high 

frequency measurement, 50R coaxial probes are required to ensure signal quality. This 

requires a signal conductor surrounded by a ground shield. Therefore, the pad configuration 

for the differential RF and LO signals are "ground, signai, signal ground". For each of the IF 

output, the configuration is "ground, signal, ground". Therefore, the mixer has a total of 8 

ground pads, which helps to reduce the ground line inductance. 

43.3 Tuning capacitor layout 

As discussed previously, shunt capacitors are used to tune the frequency response of the 

transfomers. Due to variation and uncertainty in the fabrication process, it is hard to predict 

the required capacitance accurately. For narrowband design at high frequencies, a small 

variation in the parasitic capacitance results in some deviation from the desired input 

impedance. To overcome this problem, laser ablation is used to trirn the capacitance to the 

desired values. To facilitate laser ablation, the layout of the tuning capacitor is subdivided into 
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small capacitors with different capacitance values, as s h o w  in Figure 4.14. 

Figure 4.1 4 Tuning capacitor layout for laser trimming. 

Each capacitor is connected to the signal trace via a metal line of 3pm wide, and is about 

20pm apart from other adjacent lines. The narrow metal lines allows selective trimming by a 

fine beam of coherent light with controlled energy. A passivation window is open over the 

trace, so that the metal line being melted by the laser cm evaporate. The amount of 

capacitance contributed by the pad and trace lines are first calculated. The actual required 

capacitance is then over-estimated by 50%. In case the capacitance is lower than expected due 

to variations in processing, the extra capacitors can compensate to the desired capacitance 

value. The proper amount cm be determined by measuring the SI, parameter, and the 

unwanted capacitors can be trimmed away accordingly. 

4 



CHAPTER 

Test andMeasurement 

Testing procedures md measured performance of the current-biased diode mixer are presented 

in this chapter. The individual components in the mixer are tested and verified in cornparison 

with the simulation models. The input impedance and transmission performance of the 

monolithic transfomers are deternined by measuring the differential S-parameters. (The 

concept of differential S-parameters are reviewed in Appendix B.) 

The performance parameters of the mixer, such as the input impedance, conversion 

gain, LO-RF isolation, LO-IF isolation, IIP3 and noise figure were rneasured. The series 

resistance of the Schottky diode was found to be 5.6 times higher than the simulation model. 

As a result, the conversion gain of the mixer is lower than expected. 
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5.1 Characterizhg the individual mixer components 

Before testing the performance of the current-biased diode mixer, the S-puameters of the 

individual components in the mixer were measured and compared with simulation. The goal is 

to veriQ that each component's function. Also, the discrepancies between the simulation 

models and the fabricated devices are identified, so that the next mixer design can be 

improved through better modeling. 

5.1.1 Differential S-parameters of the RF transformer 

The RF transformer in the mixer is driven by a pair of differential RF signals, and therefore 

the differential S-parameters should be measured. The measurement and simulation results are 

compared, and plotted on the Smith chart in Figure 5.1. 

--D-- sirnulatedSlto 

--O- rneasured SI 

Frequency 0.1 to O.6GHz 

Figure 5.1 Differential reflection coefficient of the RF ttansformer. 

The simulation and measured S 1 ID agree quite closely, except that the measured resistance 

and capacitance is higher than that in the simulation model. From the measured S-parameters, 

the DC resistance was found to be 3.6Q, and it was higher than the 2.2R resistance used in the 

model. The reason is that the model did not include the resistance and parasitic capacitance of 

the vias and underpass metal at the crossings in the layout. From the silicon process electncal 

specification and the layout, the underpass metal and the vias contribute a DC resistance of 

1.OR and 0.37Q respectively. If the model has accounted for the crossings, the resistance in 
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the model would be 3.5752, very close to the measured value. However, the difference is 

expected to be small, and therefore the crossings are not modeled. The differential 

transmission gain from the primary coil to the secondary coil of the RF transformer is shown 

in Figure 5.2. The transformer is measured without the tuning capacitors, and therefore the 

passband in not optimal. 

- - D - simulated gain rneasured gain 

$ 0 1 2 3 4 5 6  

Frequency (GHz) 

Figure 5.2 Differential transmission gain of the RF !tansformer. 

With the DC resistance of the underpasses and vias inclüded in the transformer model, the 

simulation and measured s-parameters of the RF transformer are compared in Figure 5.3. 

- - - simulated data measured data 

reflection coefficients frorn 0.1 to O.6GHz transmission gain 

Frequency (GHz) 

Figure 5.3 Differential S-parameten of the RF transformer (improved model). 
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5.1.2 Dinerential S-parameters of the LO transformer 

The differential S-parameters of the LO transformer were measured, and the results are shown 

in Figure 5.4 and Figure 5.5. The main difference between the simulation and measured 

results is the DC resistance. The underpass metal strips of the LO transformer are not included 

into the model. Especially, the two terminals of the primary coils are inside the LO 

transformer, and two metal strips are required to bring them to the outside for connections. 

This results in 2.7R extra resistance, and on the Smith chart, the measured Sl is shifted 

slightly to the right side of the simulated data. 

--U-- simulated SllD 

rneasured SllD 

Frequency 0.1 to 0.6Gi-k 

Figure 5.4 Differential reflection coefficient of the LO transformer. 

--O-- simulated gain e measured gain 

2 3 4 5 6  
Frequency (GHz) 

Figure 5.5 Differential transmission gain of the LO transformer. 
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Wiîh the DC resistance of the underpasses and vias included in the transformer model, the 

simulation and measured s-parameters of the LO transformer are compared in Figure 5.3. 

- - 0 - - simulated data + measured data 

reflection coefficients from 0.1 to O.6GHz transmission gain 

O 1 2 3 4 5 6  
Frequency (GHz) 

Figure 5.6 Differential S-parameters of the RF transformer (improved model). 

5.13 S-parameters of the Schottky diode 

Since the Schotîkj, diodes are nonlinear devices, the smail signal parameters must be tested 

under the same biasing condition as in the current-biased diode mixer. A simplified diagram of 

the DC and AC signals applied to the Schottky diodes in the mixer is shown in Figure 5.7. 

Each diode is biased by a DC current of 0.925mA, the anodes are driven by a differential LO 

source through the LO transformer. The cathodes of the diodes are a vimial ground at the LO 

frequency . 

5.55GHz LO 

virtual grour 
at 5.55GHz 

0.1 9mA 

Figure 5.7 Large signals applying to Schottky diodes in the mixer. 
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Therefore, the Schottky diode was tested when the cathode terminal was connected to ground, 

and it was biased at a 1 .OmA DC current. The diode became an one-port device, and the S- 

parameters SI* were measured. The reai and imaginary components of the measured 

imnedance z, is plotted in Figure 5.8. 

- Q - - simulated z1 + measured zll 

O 1 2  3 4  5 6 O 1 2  3 4  5 6 
Frequency (GHz) Frequency (GHz) 

a) real part b) imaginary part 

Figure 5.8 lmpedance of the Schottky diode biased at 1 mA DC cuvent. 

The measured and simulated reactance (imaginary part of zl  ,) matched closely, 

indicating that the junction capacitance is modeled properly. However, the measured 

resistance (real part of zl ,) is about 7.5R higher than the simulation resistance. It is rnuch 

higher han the worst case resistance. The same problem is observed when the Schottky diode 

is biased at 2mA and 3mA. The unexpected increase in diode series resistance lowers the 

conversion gain of the mixer. 

For the Schottky diode used in the mixer, the model has 1.6R series resistance (RJ and 

0.28pF junction capacitance (CJo). The measured data is then used to tune model parameters, 

and the series resistance is found to be 9.0iL Using this resistance value in the revised diode 

model, the impedance of the Schottky diode is compared between simulation and 

measurement, as shown in Figure 5.9. The simulation and measured data agree well with each 
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other. The modeling problem in the Schottky diode has also k e n  noticed by the silicon vendor 

recently, and a new diode model will be available in the near future. 

measured zl 

O 1 2 3 ' 4  5 6 
Frequency (GHz) 

O 1 2 3 - 4 5  6 
Frequency (GHz) 

Figure 5.9 lmpedance of the Schottky diode with the improved model. 

5.2 Measured Mixer performance 

After the individual mixer components were tested, the performance parameters of the 

current-biased diode mixer were measured. The parameters being measured include the input 

impedance of the RF and LO ports, conversion gain, LO-RF isolation, LO-IF isolation, the 

thirdsrder input intercept point (IIP3), and the noise figure. Al1 the parameters were measured 

by on-wafer probing, except the noise figure, which was measured after the mixer was 

packaged. In the following sections, the measured data for these parameters are presented, and 

the measurement techniques are discussed [37]. 

In the mixer, the output transformer is used to convert the differential IF signals to a 

single-ended output signal, and to connect the DC supply to the mixer. When on-wafer 

measurement was made, the output transformer could not be connected to the mixer. Instead, 

two bias-Tees were used to connect the DC supply, and the IF signal was tested ai one of the 

differential IF outputs. 
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5.2.1 RF port input impedance 

To minimize signal reflection at the input ports, the input irnpedance was measured to ensure 

that it was close to 50R (i.e., the output impedance of the signal source and the characteristic 

irnpdance of the coaxial cables). This can be done by measuring the differential reflection 

coefficients using a network analyzer. Since the network analyzer has two ports only, the input 

impedance of the RF and LO ports must be measured separately. The measurement of the RF 

port S-parameters will be discussed first, and the test setup is shown in Figure 5.10. 

Figure 5.10 S-parameter measurement for the RF port of the mixer. 

The RF input consisted of a pair of differential signals, which were connected to the 

network analyzer for the two-port measurernent of the S-parameters. A synthasized sweeper 

capable of generating a sinusoidal signal was used to supply the 1.OdBm LO signal to the 

mixer at 5.55GHz. Since the mixer was measured by wafer probing techniques, the off-chip 

output transformer was not connected to supply the DC power through the IF ports. As a 

result, the IV DC supply to the mixer was connected to the mixer via a pair of bias-Tees. 50 

Ohm terminations were used to represent the IF loads. 

The input impedance and magnitude of SI of the RF port are shown in Figure 5.1 1 

and Figure 5.12. The mixer is designed such that input impedance attains 50R at about 
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5.3GHz. However, from the measurement, the RF port impedance is very close to 50R at 

about 4.6GHz, where lSl < -30dB. It is lower than 5.3GHz, due to excess capacitance at the 

RF  pon LASER tnmming has been used to remove the excess capacitors, but the laser system 

used for trimming was a prototype setup, and metal strips could be cleanly vaporized. As a 

result, the trimmed capacitors were still attached to the input. If very high laser power was 

used, the top metal would melt into the second metai layer. Also, the second metal layer rnay 

also be damaged. The trimming can be improved if a better LASER system is  available. 

Frequency from O. 1 to 6 GHz A 

Figure 5.1 1 Measured SiIo of the RF port on a Smith chart. 

O 2 4 6 
Frequency (GHz) 

Figure 5.12 Measured ISjlDI of the RF port. 
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5.2.2 LO port input impedance 

The S-parameter of the LO ports could be measured similarly, but a synthesized sweeper was 

not required for the LO source. The test setup is shown in Figure 5.13. The network analyzer 

was connected to the LO ports, with a power level adjusted to about ldBm to mimic the LO 

source power. However, the measurement rnight not be accurate, because the S-parameters 

should be measured at a small signal level. 
1.4V 1.0 V 

rneasurement 

Figure 5.13 S-parameter measurement for the LO port of the mixer. 

The measured input impedance and magnitude of the SI of the LO port are shown in 

Figure 5.14 and Figure 5.15 respectively. It should be noted that simultaneously matching 

both the LO and RF ports to 50R is difficult. It is because the RF differential input sources 

drive the diodes through the RF transformer. These diodes are also king driven by the LO 

sources through the LO transformer. As a result, the load reflected through the RF transformer 

to the RF port is not only the diodes, but also the LO transformer and the LO sources. Besides, 

the nonlinear behaviour of the diodes complicates the matching as well. As a result, any 

matching applied to the RF port affects the matching at the LO port, and vice versa. Since it is 

more important to attain good matching for the RF ports, the mixer is designed such that the 

RF port impedance will cross the 50R point by adjusting the tuning capacitors (or by 

sweeping the frequency). The LO port impedance will not cross the 50n point, but it will be 
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50R over a broader frequency range centered at SSSGHZ, and IS ,d < - l5dB 

Frequency frorn 0.1 to 6GHz 1 . O  

- 1  .O 

Figure 5.14 Measured Input impedance of the LO port on a Smith chart. 

IS1 lDI in dB 5.3 to 5.8 GHz 

O 
- I 
I I 
I 1 
1 I 
1 I 

-4 - 
1 I 

-8 

-12 - 

-1 6 

is achieved. 

2 
I 

4 ' 6 
Frequency (GHz) 

Figure 5.1 5 Measured lSlIol of the LO port vs. frequency from 0.1 to 6 GHz. 

5.2.3 Conversion gain 

To measure the mixer conversion gain, a signal at 5.3GHz was supplied to the RF port. The 

signal power at the RF port and IF port were measured with a spectnim analyzer. The 

conversion gain was found by subtracting the IF signal power from the RF signai power. 
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Dunng testing, only one synthesized sweeper was capable for the 5GHz band, and it 

was already used to generate the 5.55GHz LO signal. The S.3GHz RF signal was generated by 

the RF output of the network analyzer. The setup for measuring conversion gain is shown in 

Figure 5.16. 

network analyzer hp 87530 - 
synthesized sweeper 

hp 83752A 

power splitter - spectrum analyzer hp 8560 
I \ 

Figure 5.1 6 Test setup for conversion gain measurernent. 

The power of a singled-ended RF signal to the mixer was found to be -18.17dBm. The 

measured single ended IF output power was -27.67dBm. There was -0.5dB power loss in the 

cables and bis-Tee. Therefore, the conversion gain of the mixer was found to be -9dB. This is 

far f?om -6.14dB predicted by simulation. When the resistance of the transformer crossings 

were included in the simulation, the simulated conversion gain decreased by 0.7 1dB. When 

the input port mismatches were included, the gain dropped by another 0.29dB. Finally, when 

the Schottky diode series resistance was increased to the measured value of 9.0Q the gain 

dropped by another 1.15d.B. Therefore, with these non-idealities included, the conversion gain 

predicted by simulation was decreased to -8.3dB. This is still slightly different from the 

measured value of -9.0dB. However, the parasitic capacitance of the transformer crossings 

which has not been accounted for in the simulation is expected to cause more signal loss. 
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5.2.4 Conversion gain in the reverse configuration 

Since the RF and LO signals are at similar frequencies, it is possible to operate the mixer by 

interchanging the RF port and LO port. In other words, the RF signal is connected to the LO 

port, and the LO signal is fed to the RF port. This configuration will be referred to as the 

"reverse configuration". It is equivalent of doing b x a instead of a x b. 

At the beginning of the mixer design, it is known that the mixer in the reverse 

configuration has a higher conversion gain but a lower linearity, so the idea was discarded. 

However, the unexpectedly higher diode resistance degenerates the differential diode pairs. 

The linearity is improved because the signal across the diode junction is smaller than before, 

and therefore less harmonies are generated. As a result, the mixer in the reverse configuration 

was also tested. 

The input refîection coefficients and conversion gain were also measured for the 

reverse configuration. The input reflection coefficients for the RF and LO ports were found to 

be - 12.2dB and - 18.4dB respectively. For the conversion gain measurement, when the single- 

ended input RF power was -18.17dBm, the measured single-ended IF output was -25.17dBm. 

Accounting for 0.5dB loss in the cables and bias-T, the conversion gain was -6.5dB. Although 

the mixer is not used as planned, it shows that with the new mixer architecture, a passive 

mixer can achieve -6.5dB conversion gain with only ldBm LO power, instead of 7dBm 

required for a traditional diode ring mixer. 

5.2.5 Measure LO-IF and RF-IF isolation 

After measuring the conversion gain, the sarne test setup can be used for measuring the LO-IF 

isolation. The RF and LO signals leaking to the IF output was measured to be -56.33dBrn and 

-36.33dBrn respectively. Including the 2.5dB loss in bias-T and cables at SSGHz, the RF-JF 

and LO-II; isolation c m  be calculated as follows. 

RF-IF isolation = -1 8.17dB - 3dB - (-56.33dB) - 2.5dB = 32.66dB 
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LO-IF isolation = 1dB - 3dB - (-36.33dB) - 2.5dB = 3 1.83dB 

Similar results are observed for the mixer in the reverse configuration. It shows that the 

double baianced mixer topology successfully attains good LO and RF isolation for the IF port. 

5.2.6 Measuring mP3 in the reverse configuration 

The measurement of IIP3 requires a two tone RF signal. including the LO signal, the D[P3 test 

requires three signai sources at the 5GHz band, posing a greater difficulty in signai generation. 

The generation of the LO and RF signals have been discussed in the conversion gain testing. 

To generate a third RF tone at around 5.3GHz, a 2.65GHz signal is first generated by another 

signal synthesizer. Then a discrete diode ring mixer multiplies the 2.65GHz signal by itself, so 

that a 5.3GHz signal is obtained. The test setup for measuring IIP3 is shown in Figure 5.17. 

network analyzer hp 87530 synt hesized sweeper 
h~ 8664A 

Figure 5.17 Test setup for lIP3 measurement. 
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The frequencies for the two tones of the RF input are at 5.295GHz and 5.3GHz. The 

measured single-ended input power of each tone is -21.17dBm. as shown in Figure 5.18. 

Therefore, the total input power for each tone is -18.17dBm. They are down-converted by a 

5.55GHz LO to two IF tones at 255MHz and 250MHz respectively. The third order hmonics 

are at 5.29GHz and 5.305GHz. The power of these tones are measured at the single ended IF 

output, and are shown in Figure 5.19. 

STAR+ S. iCSOOOCW% S T O P  5. 3 0 S O O t M ~  
~ R P W  xaokn= vew L O Q ~ W R  SWP J O m r  

Figure 5.18 Two tone RF input for llP3 measurement. 

Figure 5.19 The IF output for IlPa measurement. 

The measured power ratio between the IF tone and the harmonic tone is 52.67dB. 

Therefore rTP3 can be determined by the following calculation. 
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5.2.7 Noise Figure 

Before measuring the noise figure, the current-biased diode mixer was pac kaged in a TriQuint 

Micro-Sm MMIC package, which was mounted in a TriQuint ETF-9000 evduation fixture 

[38]. The test setup for the noise figure measurement is shown in Figure 5.20. 

noise figure meter hp 89708 

noise source 
(Noise Corn Inc. NC 3468) 

Figure 5.20 Test setup for noise figure measurement. 

To increase the measurement accuracy, the signal loss of devices outside the DUT 

were deembedded from the measurement. The loss of the power splitter at the RF input was 

measured as 0.574dB at 5.3GHz. At the IF output. the losses of the power combiner and the 

bis-T were measured as 0.915dB and 0.50dB respectively. By using the loss compensation 

feature of the noise figure meter, the measured double-sideband @SB) noise figure for the 

normal configuration was 4.60dB. For the reverse configuration, the meamred DSB noise 

figure was 3.1 1dB. The single-sideband (SSB) noise figure can be obtained by adâing 3dB to 
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the DSB noise figure. ui other words, the SSB noise figures for the normal and reverse 

configuration are 7.60dB and 6.1 1dB respectively. It should be noted that the measured noise 

figures are quite close to the measured conversion gains. For a passive SSB mixer, the noise 

figure and the conversion loss are usuaily quite close but can be about 1dB apart in either 

direction [39]. 

5.3 Test results summary 

The testing conditions of the current-biased diode mixer are listed in Table 5.1. The test results 

are sununarized in Table 5.2. 

Table 5.1 Test condition for the cuvent-biased diode mixer. 

Testing condition value 

I LO frequency I 5.55GHz I 
1 IF output frequency 1 250MHz 1 
I LO power 1 1 dBrn 1 
I DC supply I 1 .OV I 
I DC Current 

Table 5.2 Experimental results for the current-biased diode mixer. 

lSllDl of LO port 1 c -15dB 1 -1 5.6dB 1 < -15dB 1 -18.4dB 

Parameters 

LO-IF isolation 1 > 3ûdB 1 z 30dB 1 > 3ûdB 1 > 30dB 

m3 1 8.47dBm 1 notrneasured 1 4.7WBm 1 8.2dBm 

SSB noise figure 1 6.2dB 1 7.6dB 1 SSdB 1 6.1 1dB 

Normal Configuration Reverse Conûguration 

Simulation 
T 

lSlldofWport 1 c -1 5d8 

Simulation 

< -14dB 

Measurement 

-9.OdB 

Measurement 

-1 2.2dB 
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6.1 Thesis Conclusions 

The objective of this thesis is to design a double-balanced mixer for emerging 5GHz wireless 

LAN applications. The channel bandwidth of the wireless LAN is about 20 times larger than 

that of the previous standards such as cellular phones. To combat the increased 

intermodulation distortion caused by the increased bandwidth, it is very important for the 

receiver to achieve high linearity. The mixer, king a key component in the receiver, should be 

designed to aim for those criteria. However, low power consumption is yet another design 

constraint, so that the end products are portable and have a long battery time. 

To address the above design concems and requirements, a novel design called the 

current-biased diode mixer was developed This design originated from the high performance 

diode ring mixer. One problem with the diode ring mixer is the relatively high LO power 
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consumption. By rearranging the diodes to rnimic the transistor quad in a Gilbert mixer, a 

current source drawing 3.7mA from a 1V supply can be used to bias the diodes. Therefore, the 

LO power consumption is reduced to IdBm, compared to 7dBm with a diode ring mixer. 

However, combining the diode ring mixer and the Gilbert mixer together will result in 

shorting either the differential LO signals or the RF signals. 

Monolithic transfomers are used to resolve signal conflicts. and to provide isolation 

between RF and LO ports. Schottky diodes are used as the switching diodes. Being majority 

c h e r  devices, the Schottky diodes can switch faster than transistors, making the current- 

biased diode mixer suitable for SGHz operation. Therefore, the current-biased diode mixer 

does not need fast transistors for implementation. It can be fabricated in either bipolar, 

BiCMOS and CMOS technologies, as long as the process technology has Schottky diodes. As 

a result, the NT25 bipolar process, which supports Schottky diodes. was used for the 

implementation of the current-biased diode mixer. 

A mixer circuit is highly nonlinear, making it very difficult to understand and design. 

As a result, the entire Chapter 3 was devoted to the mathematical treatment of the current- 

biased diode mixer with the technique of harmonic balance. However, the calculation did not 

follow a general harmonic balance approach, which uses the FFT to act as a bndge between 

calculations in the time and frequency domains. Instead, simple and faster techniques were 

suggested to take advantages of the exponential 1-V relationship of the Schottky diode. The 

results of the calculation for the major signal tones agreed with the predictions of a 

commercial simulator to 0.5%. Intuition and insight gained from the mathematical calculation 

were discussed, thereby explaining the reason why the current-biased diode mixer is able to 

Save LO power. Based on the analysis, a brief design guidelinc was presented. 

Chapter 4 continued with the implementation of the current-biased diode mixer. The 

RF and LO monolithic transformers, which were related to the sizing of the Schottky diodes, 

were designed to achieve a passband at 5.3GH.Z and 5.55GHz respectively. The program 
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GEMCAP2 was used to generate the transformer models. Layout issues, such as bond pad 

structure, pin allocation, ground plane, and capacitor layout for laser trirnming were also 

discussed. 

The remainder of the thesis documented the on-wafer measurement of the fabricated 

current-biased diode mixer. The individual cornponents such as the RF and LO monolithic 

transfomiers, and the Schottky diode were tested as well. The monolithic transfomers were 

found to be functioning as expected. However, the series resistance of the Schottky diode was 

found to be 5.6 times higher than that supplied in the model. 

The mixer was fabncated and tested. The conversion gain was found to be -9dB, 

instead of -6dB as expected. The poor conversion gain was mainly due to the expectedly high 

diode resistance, and also the transformer underpasses which were not included in the 

simulation. 

In the reverse configuration, where the original RF and LO ports are used as LO and 

RF ports, the conversion gain improved to -6.5d.B. The Isl of the RF  and LO ports were 

adequately matched to -12.2dB and -18.4dB respectively. The IIP3 was measured to be 

8.2dBrn, and a noise figure of 6. LdB. The measurement results of the mixer were surnmarized 

in Table 5.2 on page 84. Therefore, the work showed that the 5.5GHz current-biased diode 

mixer, consuming only ldBm LO power and 3.7mW DC power, has high linearity and low 

noise performance, with a conversion gain of -6.5dB. 

6.1 Future Work 

It should be noted that the Gilbert mixer was invented in 1968, but even up to this day, 

engineers are stiU trying to improve it, and variations of the Gilbert mixer are reported each 

year in technical journals and conferences. The current-biased diode mixer proposed in this 

thesis was implemented for the first time. Therefore, much work has yet to be done to refine 
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the mixer. Some recommended work for the near future are discussed below. 

Matching has yet to be done to the packxged mixer. It was found that impedance 

matching using extemal stub was quite difficult at 5.5GHz. This is because a little change in 

the length of the stub results in large impedance change. Also, the extemal stubs are very 

bulky and they have signal loss. Instead, stub should be implernented with microstrip lines. 

This requires designing 50 Ohm microstrip lines on a printed circuit board (PCB). The output 

transformer should also be mounted onto the PCB so that extemal power combiner and b i s -  

Tees are not needed at the differential IF outputs. 

The simulation mode1 of the devices should be revised based on the measured data. 

Especially, the series resistance of the Schottky diode should be corrected. and the transformer 

models can be made to be more accurate by including the senes resistance and capacitance of 

the underpass crossings. The mixer can then be redesigned with the revised models. 
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MUrer performance parameters 

A mixer is used to convert an RF signal from one frequency to another. For a down-conversion 

mixer, the signal to be converted is called the "RF signal". The reference signal used for 

mixing is called the "LO signal". The output of the mixer, king at an intermediate frequency 

band, is cailed the "IF signal". Therefore, a down-conversion mixer may be labelled as shown 

in Figure A. 1. 

IF (250 MHz) 
O 

LO (5.55 GHz) 

Figure A.1 A down-conversion mixer. 

A mixer may exhibit non-ideal characteristics, such as loss, distortion, noise and signai 

attenuation. These characteristics are quantified by conversion gain, -1dB compression point, 

third-order intercept point, noise figure and isolation. 

A.1 Conversion gain 
Conversion gain is defined by the ratio of the IF output power, Po,, and the RF input power, 

Pine In RF circuit design, signal power is usually expressed in dBm, a logarithrnic power unit 

with OdBm referenced to ImW. Signal power in mW can be converted to dBm by the 

following equation, 

Power [in dBm]= 10 + l ~ g , ~ ( P o w e r [ i n  mW]) (A- 1) 

The conversion gain can be calculated by the following equation as the difference between the 

output and input powers (in dBm) using the following equation, 

conversion gain [in dB] = Peut - Pi,, (A.2) 

For an ideal passive mixer, only one-haif of the RF signal power is down-converted to 
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the IF band, resulting in a maximum conversion gain of -3dB (i.e., one half of the RF power is 

lost in conversion). For real mixers. non-idealities will contribute more signai loss. Therefore, 

in passive mixer designs, the conversion gain is usually below -5dB. Some mixers incorporate 

active devices to provide signal amplification. These mixers are called active mixers, and their 

conversion gain is usually positive. 

A.2 The -1dB Compression Point 
The conversion gain of a mixer remains unchanged for small RF input signals, where the IF 

output power varies in proportion with the RF input power. However, when the RF input 

signai is very large, the gain starts to drop and the IF output signal becomes distorted, because 

of non-linearity in mixer transfer function as it enters the saturation region. The -1dB 

compression point is defined by the input power when the gain drops by IdB, and it is usually 

expressed in mm. The higher the - IdB compression point, the larger the RF signal that the 

mixer is able to handle, with a specified level of distortion generated. By sweeping the RF 

signai power, as shown in the Figure A.2, the -\dB compression point of a mixer cm be 

detennined. 

(a) circuit configuration (b) eiectrical response 

Figure A.2 Measurement of the -1 dB compression point. 

A 3  Third-Order Intercept Point 
The nonlinear behaviour of the mixer will generate not only the IF signal, but also other 

hannonic components at different frequencies. Among these harmonic components, the third- 
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order intermodulated components fa11 within the IF signal band and cause signal distortion. 

The linearity of a mixer is specified by the third-order intercept point. To measure the third- 

order intercept point, a two-tone RF signal is applied to the mixer, as shown in Figure A.3. 

(LO - RF4 (LU - RF ,) 

(LO + 2 4  - RF ,) 

heq. (MHz) - - - - 240 245 250 255 

a) circuit configuration b) power spectrum at output 

Figure A.3 Thirdorder harmonics measurement by a two-tone test. 

The third-order intemodulated components will be at a frequency slightly different from the 

IF signal, and can be measured with a spectnim analyzer. For exampie, when an RF signal 

with equal amplitude tones at 5.3GHz and 5.305GHz is applied to the mixer input, IF signals 

will be generated at 245MHz and 250MHz. The third-order intermodulated harmonics, 

denoted by PW3, will be at 240MHz and 255MHz. At small input power levels, the third- 

order intemodulated tones are in a cubic relation with the input signal. By sweeping the RF 

input signal power, PM3 and Po,, can be plotted with respect to Ph, as shown in Figure A.4. 

At the point where the extrapolations of PM3 and Po,, from the small signal regime intercept 

one another, the input signal power is cdled the IIPs (third-order intercept point referred to the 

input), and the output signal power becomes the O P 3  (third-order intercept point referred to 

Figure A.4 Graphical interpretation of IIP3 and 01P3. 
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A k e d  RF signal power is used to find I& and OP3, provided that the R F  input power is 

small such that the mixer operates far from the -1dB compression point. The definition and 

relationships between IIP3 and 01P3 are shown below, 

llP3 [in dBm] = Ph + 'out - ' 1 ~ 3  
2 

01P3 [ in dBm ] = llP3 + conversion gain ( A 3  

A.4 Noise Figure 
It is important to minimize the noise introduced by each circuit block to ensure a low error 

rate in digital data transmission. For RF circuit design, noise figure is used to indicate how 

much the signal to noise ratio (SNR) degrades as the signal passes through a circuit block. 

Noise factor (F) and noise figure (NF) are defined by the following equations, 

ÇNq,,  
noise factor = 

SNRout 

noise figure [in dB] = 10 - log (noise factor) 
10 (A.7) 

There are two ways to specify the noise figure of a mixer: DSB NF (double-sideband 

noise figure) and SSB NF (single-sideband noise figure). The DSB NF is used if the RF input 

signai to be down-converted is a double-sideband signai, whereas the SSB NF is used if the 

input signal is single-sideband. When down-converting a double-sideband signal, the noise 

and signal power from both the USB and LSB (upper and lower sidebands) are down- 

converted to IF. However, for the SSB signal, the signal is present in only one sideband, but 

noise is present on both sidebands (i.e., LO k IF). Therefore, the SNR is halved because twice 

the noise power is rnixed down to the IF band. If the mixer has equal gain for both the upper 

and lower sidebands, then SSB NF is 3dB higher than DSB NF. For an ideal noiseless mixer 

with unity gain, the DSB NF is OdB. However, the SSB NF is 3dB even though the mixer 
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contributes no additional noise. 

Most mixers nowadays are designed for SSB use, and therefore the SSB NF should be 

reported. However, in a laboratory measurement of NF, the generation of a DSB signal is 

easier, and DSB NF is first measured. 3dB is added to the DSB NF to obtain the SSB N F  [SI. 

Also, the LO signal mixes down the noise not only at LO k IF, but also at the higher 

harrnonics of the LO signal, such as 2*LO k IF, 3*LO k IF, 4*LO f IF, etc. [6]. Therefore, 

the mixer contributes a significant amount of noise in a receiver system. A low-noise amplifier 

(LNA) is often added before the mixer to suppress the high noise introduced by the mixer. 

A S  Port-To-Port Isolation 
The leakage of signal €rom one port to another may cause signal distortion. For instance, the 

large LO signal may le& to the IF port, and it may compt the data being received. A~so, the 

RF signal may also leak to the LO or IF port. To avoid these undesired effects, each port of the 

mixer must be sufficiently isolated from the others. Port-to-port isolation indicates the fraction 

of signal entering one port that appears at another port. It is usually expressed in dB. 
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Characterizhg devices with S-parameters 

A circuit network can be characterized by the relationship of the currents and voltages 

between each ports. For example, the 2-parameters define the voltage and current ratio 

between the ports. However, these two-port parameters are inconvenient for measurement, 

because they are rneasured when the device terminais are either open or shorted to ground. 

These open and short circuits are difficult to realize because of lead inductance and fringing 

capacitance at microwave frequencies, and they also present stability problem for devices such 

as transistors [40]. The other problem is that for measuring devices at a high frequency, the 

voltage and current ratio varies dong the transmission lines. As a result, another two-port 

measurement parameters called the Scattering parameters (or S-parameters), are used for 

characterizing circuits at high frequencies [4 11. 

B.1 Measurement of differential input reflection coefficient 

When S-parameters are king measured, the circuit must be driven by only one input signal 

source. Since the current-biased diode mixer is driven by differential signai sources, the S- 

parameters king measured by the network analyzer do not represent the actual values. 

Therefore, the measurement of S-parameters for differential ports are discussed in this 

section. Consider a DUT (device under test) king driven differentially, as shown in Figure 

B.1. Pon 1 is the positive input, and Pon 2 is the negative input. The normalized incident and 

reflected voltages are indicated as  al^+, am-, blDc and bzD-. The subscript "D+" indicates that 

the port is the positive terminal of the differential ports, while "D-" represents the negative 



terminai of the differential ports. 

port 1 

DUT 

~ 0 r t  2 

Figure B.1 Incident and reflected waves at the differential input ports. 

The S-parameters for the input ports driven differentially will be referred to 

"differential S-parameters". The input reflection coefficient of the positive and negative ports 

are referred to as sl lm and ~ ~ ~ ~ . . W h e n  al1 other ports are terminated with matched loads. the 

differential input refiection coefficients are defined in equation B. 1. 

The two differentiai ports of the DUT can be connected to port I and port 2 of the 

network analyzer, as shown in Figure 8.2. The incident and reflected waves for the single 

ended measurement are shown as a,, bl, a*, b2. The two port S-parameters si  l ,  SQ, s2 ,, and 

sz2 can be measured, but the measurements are made with only one input source at a time. As 

a result. the measured sll is not the refiected coefficient when the DUT is driven differentially. 

Figure 8.2 Measuring differential reflection coefficient with a netwoik analper. 

For example, if the DUT is a 1R resistor king driven differentially, the center of it becomes a 

virtual ground. As a result, each signal source with 50Q output impedance drives a 0SSZ load. 
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The senous impedance mismatch resuits in lsl lIkl = k22Dd = -0.17dB. Using a network 

analyzer to measure the input coefficients, as illustrated in Figure 8.3, would result in the 

equivalent measurement of a 5 1Q resistor. The excellent impedance matching results in the 

measured lsl , l  = lsul = -40dB. Therefore, sll and s22 do not represent the differentials input 

reflection coefficients si ID+ and s 2 ~ .  

network analyzer 
1 '. network analvzer 

Figure 8.3 S I  1 measurement of the 1 i2 resistor and its equivalent half circuit. 

To remedy this problem. the differential input sources cm be considered as the 

superposition of the positive and negative input sources. In other words, the differential S- 

parameter measurement shown in Figure B.2 can be done in two separated single-ended 

measurement, as illustrated in Figure B.4. The rneasured sl  and szl indicate the incident and 

reflected wave ratios contributed by the positive input source done, while s2* and si* 

represent the wave ratios contributed only by the negative source. 

1 

DUT 

2 

(equivalent to sl l , ~ 2 1  measurement) (quivalent to s~~~ sI2 measurement) 

Figure 6.4 Superposition of the positive and negative hput sources. 

For example, consider the measurement of sl lm. For the positive terminal, the redected wave 
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blD+ is the sum of the reflected waves contributed by the positive and negative sources. 

The incident wave  al^+ entering the positive port is entirely contributed by the positive input 

source. Since the ports are assumed to be dnven differentially, the incident waves contributed 

by the positive and negative input sources have the same power level but opposite polarity. In 

other words, 

al D+ = al = -a2' (B.3) 

By substituting equation B.2 and equation B.3 into equation B.1, the input refiection 

coefficient for the positive port cm be detennined by the following equation. 

&l D+ - b l + b l t  b, bl' 
S ~ i  O+ = atD+- = +,= 

al =1 -a2 
S f l  - S12 03-41 

By similar calculation, the input reflection coefficient for the negative port can be determined 

by equation B.5. 

'22 D-= '22 - '21 03 05) 

It should be noted that if the DUT is symmetricd dong the positive and negative 

signal paths, then s 1 1 = 92 ,  S Z ~ =  s 12, and s 1 1 D+ =  su^.- 

B.2 Measurement of differential transmission gain 

Aside from the reflection coefficient, the transmission gain is also an important parameter for 

network characterization. When the circuit is king âriven differentially, the measurement of 

transmission coefficient S-parameters must account for the power contributed by both the 

positive and negative sources. As the monolithic transformers of the current-biased diode 

mixer are dnven differentiaily, the measurement of the differential transmission coefficient is 

discussed below. 

Consider a DUT which has two ports king driven differentiaily, and an output port 
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driving a load. This is shown in Figure B.5. The positive and negative input of the differential 

ports are referred to as port 1 and port 2, and the output port is port 3. The incident waves into 

the differentid ports are  al^+ and am.  The signal wave available to drive the load ZL is b3D. 

The subscript " D  indicates that the DUT is being driven differentially. 

Figure 8.5 Power transmission from a pair of differential ports to an output port. 

The differential transmission gain from the differential ports to port 3 will be referred 

to as S 3 1 ~ .  If there are other ports in the DUT, they should be terminated with matched loads 

before making the measurement. The differentid transmission gain reflection coefficients are 

defined as the ratio of the output power available to the load over the incident input power, as 

defined in equation B.6. 

s Output voltage wave from port 3 to load - b3 0 - 
31 D= total incident wave from differential ports- 2al *+ ( B a  

The singled ended transmission gain, s31 and s32, from the each of the differential ports to the 

output port can be measured by the network anaiyzer. The incident and reflected waves for the 

singled ended measurement is shown in Figure 8.6. 

(equivalent to s3, measurement) (equivalent to sg2 measurement) 

Figure B.6 Superposition of the transmission gain from the + and - input ports. 
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By the principle of superposition, the output wave b3D is the surn of the output waves 

contributed by the positive and negative differential input sources. In other words, 

Since the ports are driven differentially, aim = ai = -a2'. As a result, the differential 

transmission gain can be determined by the following equation. 

The differentid ports (Le., port 1 and port 2) have opposite polarities, and therefore the term 

S ~ I - S ~ Z  is the sum of transmission gains from the positive and negative sources to the output 

load. In other words, the differential transmission gain is the average of the single-ended 

transmission gains. 

B.3 Test structure for device characterization 

To characterize a device with S-parmeters, the device is placed in a test structure with the 

ports connected to the signal pads. For example, the test structure for the RF transformer is 

shown in Figure B.7. The open and shorted test structures shown in the same figure are for 

removing the parasitics of the test structure. 

(a) with DUT (c) short 

Figure 8.7 Test structure for the RF transformer. 

The parasitic capacitance of the test pads causes additional shunt capacitance. The series 
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resistance and inductance of the two interconnects, and the probe contact resistance result in 

extra series impedance to the DUT. These parasitics can be modeled by shunt impedance Zpûd 

and series impedance Zco,, as shown in Figure B.8. 

I 

ground 

I 
1 
I 

DUT I 
I 
I 
I 

signal O I 
I 

Figure 6.8 Lumped element rnodel of the test structure interconnect parasitics. 

When the DUT is removed and the interconnects are open-circuit (i.e., an open test 

structure), S-parameters of the shunt impedance Zpad are determined. When the interconnects 

are shorted to ground (i.e., a shorted test structure). S-parameters of the Z,,, in shunt with 

Zpad to ground are detennined. The S-parameters of the DUT are measured as well. The 

following lists the steps in removing the parasitics of the test structure. Sopn, Sshon, and SDUT 

represent the measured S-parameters of the open, shorted, and DUT connected test structures. 

ii) Remove parasitic shunt impedance from the Y-parameters of the DUT and 

shorted test structures: Y'ovT = YDuT - Yopn9 Y;hon = Yshon - Yopen. 

iii) Convert the Y-parameters YRDUT and YRshor< to 2-parameters ZRDUT and 

iv) Remove series impedance from the 2-parameters of test structure with 

D m  ZRRDUT = ZRDUT - ZRshon. 

v) Convert ZOODm to S-parameters SfiRDUT, whkh are the S-parameters of 

the deembedded DUT (with the parasitics of the test structures removed). 
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