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This thesis proposes a low-power:-mixer circuit design for wireless communication
applications. For systems-on-a-chip (SoC) .in_portable wireless networks, low power
requirement is increasingly important. In_this study, TSMC 0.18u m 1P6M CMOS
process and model are employed for circuit implementation and simulation to achieve
low power. Gilbert cell mixer circuit is ‘adopted and some new ideas are proposed to
reduce power consumption. The proposed new ideas cover a parallel resonator realized
by LC-tanks and multi-stage parallel RC networks for linearity improvement. Also,
multi-gated structure is applied in the RF input as a transconductance amplifier to
improve conversion gain and linearity . The higher conversion gain (S21) is due to larger
Gm. The better linearity of higher 1IP3 is attributed to third-order nonlinear term
cancellation realized by gate bias tuning on the multi-gated structure. An on-chip inductor

is added in RF input for impedance matching. For LO input impedance matching,



off-chip inductor is employed. For RF output a pair of on-chip inductors were used to

increase conversion gain. The parallel R-C networks add to IF output termina can

improver linearity with higher 11P3. Measured performance in terms of linearity is P-1dB

at 2.5 dBm and 11P3 at 11 dBm The conversion gain can be achieved at 7.46 dB, and

power consumption can be maintained as low as 9.5 mW.
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Chapter 1

| ntr oduction

1.1 Motivation

The advancement of semiconductor technology has driven the growth of
wireless communication. Furthermore, the deep submicron CMOS technology has
attracted much interest and effort to penetrate into wireless communication
application due to advantage of lower cost and higher integration. Due to the fact, RF
CMOS becomes a hot topic /in_academic research ‘and technology development.
Higher frequency and.wider bandwidth.can increase data rate and lower supply
voltage is desired to achieve |ow power.-However, the RF CMOS circuit design is
traded off with many challenges like high frequency model accuracy, impedance
matching, linearity, noise, and power consumption. Each factor influences circuit
performance and its consideration increases the difficulty of RF circuit design. For RF
MOSFET model, the magjor challenges include the parasitic resistance, inductance,
and capacitance effects and accuracy in gate capacitance model, noise model, and
subthreshold region models. As for passive device models, a broadband and scalable
model for on-Si—chip inductors become a major challenge for RF integrated circuit

simulation and design.



In this thesis, a single band 5.5 GHz down-converter mixer is designed for

application in the 802.11a standard. The major features for this new mixer design

include low-power-consumption, high-performance, high linearity and high

conversion gain. Figure 1.1 shows the 802.11a function block. The fundamental

wireless communication architecture includes a switch, a power amplifier (PA), a

low-noise amplifier (LNA), an up-converter mixer, a down-converter mixer, a

synthesizer, and afilter.

LNA A
Vi |8
Rx |_ J i
A ]
AT

Fig. 1.1 Receiver mixer function block

1.2 |EEE 802.11a Sandard

An |IEEE 802.11a standard system has a total bandwidth of 300 MHz and a
20MHz bandwidth for each channel. The IEEE 802.11a standard applies the 5GHz
unlicensed national information infrastructure (U-NI1) bands, as shown in Fig. 1.2 [1].
The bandwidths available for 802.11a cover the lower band frequency from 5.15 GHz

to 5.25 GHz, and the middle band frequency from 5.25GHz to 5.35GHz. Both bands

2



provide eight channels. Each band bandwidth is 200 MHz and outmost channel side
band is 30 MHz. The upper band frequency 5.715GHz to 5.825GHz U-NII band
accommodates four channels in the final 100 MHz of the bandwidth, and the outmost
channel sideband isat 20 MHz.

This bandwidth is associated with an orthogonal frequency division
multiplexing (OFDM) modulated signal, comprising 52 subcarriers, each of which has
a bandwidth of 300KHz for each channel. Each subcarrier can be modulated by binary
phase shift keying (BPSK),«quadrature phase shift keying (QPSK), 16-QPSK or 64
QQPSK modulation. The RF signal can rise to a fast data rate of 54 Mbpsin 20 MHz
for each channel.

For performance evaluation of the-lEEE 802.11@, an error vector magnitude
(EVM) is generally used to represent thequality: of a digitally modulated signal. The
EVM can indicate a disfigurement, such as an amplitude mismatch, a phase error,
phase noise, nonlinearity and others. The modulation parameters depend on the data

rate and are set as shown in Table 1.



Lower Band Mi ddl e Band
30 H |20 MHz I 40 MH
> - D E— ’
I I I /V\
5. GHz / 5.350 GHz
Upper Band
20 MHz |20 MHz [20 MNHz
“—> - - o —
| | | | 52 carriers, each
5.7250 GHz 0 _GHz

5,1 82|i

20 MHz

Fig. 1.2 |EEE 802.41aChannel L ocation for, 5GHz U-NI1 Bands

Table 1.1 | EEE 802.11a modulation scheme and EVM requirement

Data. Rate Modulation | Coding Rate | EVM (dB) Minimum sensitivity
(Mbitg/s) (dBm)

6 BPSK 12 -5 -82

9 BPSK 2/3 -8 -81

12 QPSK 12 -10 -79

18 QPSK 3/4 -13 -7

24 16-QAM 1/2 -16 -74

36 16-QAM 3/4 -19 -70

48 64-QAM 12 -22 -66

54 64-QAM 3/4 -25 -65

Inevitability, an adjacent channed interferes with the signal emitted from a

"

BV



channel. IEEE 802.11a regulations define the maximum power level and the
transmission spectrum mask. The maximum emission power is determined by FCC

regulations, asindicated in Table 1.2.
Table 1.2 |EEE 802.11a transmit maximum power levels

Maximum output power with up to 6dBi
Frequency band (GHz) _
antennagain (mw)
5.15~5.25 40 (2.5 mW/MH2z)
5.25~5.35 200 (12.5mW/MH?2z)
5.725~5.825 800 (50 mMW/MHZz)

The transmitted spectrum density must have a 0 dBr bandwidth of not more than 18
MHz, —20 dBr at an 11 MHz frequency-offset;~28 dBr at a 20 MHz frequency offset
and —40 dBr at a 30 MHz frequency offset and abover The transmitted spectral density

of the transmitted signal mustyfallswithin the spectral mask, as shown in Fig. 1.3.

r Spectrl Defsity idd

il Specimm hMask

0 =l

Fig.1.3|1EEE 802.11a Transmitted Spectral

1.3 Thesis Organization

In this thesis, a down-converter mixer is designed and fabricated by 0.18 RF
5



CMOS technology to achieve advantage of low power consumption, high linearity

and high conversion gain. The method to realize the mentioned advantages will be

described in the following chapters.




Chapter 2

Receiver Architecture

Recently, commercial RF and wireless communication products have become
more prevalent. The RF wireless communication carrier frequency has increased to 12
GHz and related fabrication processes have shrunk to the nanometer scale. Numerous
RF and wireless products, such as mobile ‘phones, RFID, GPS, Bluetooth products
and wireless networks, are now-affecting daily life.

This chapter introduces several architectures, including an active mixer and a
passive mixer. The architectures of heterodyne recetvers and homodyne receivers are

also discussed [2-3].

2.1 Introduction to RF Receivers

A wireless communication system transmits carrier information over a limited
bandwidth, such as 30 kHz in 1S-54, 200 KHz in GSM and 20 MHz in WLNA.

The narrow bandwidth of the system affects the design of an RF section. The
transmitter must employ narrowband amplification and filter to prevent interference
from an adjacent channel, as displayed in Fig. 2.1. The receiver must process a weak
signal and reject strong interference from nearby antennae and bandpass filter signals,

as presented in Fig. 2.2.
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Fig. 2.2 Receiver front end of awireless transceiver
In this section, we will describe the heterodyne, homodyne and image regjection

architectures for the receiver design.

2.1.1 Heterodyne Receivers

The heterodyne receiver transforms a signal from carrier radio frequency (RF) to
intermediate frequency (IF), base-band frequency. Heterodyne receivers are of two
types - (1) simple heterodyne receiver and (I1) multiple heterodyne receivers. As

described above, the receiver front end signal suffers large interference and distortion



of the original signal and requires prohibitively high Q values.

2.1.1.1 Simple-Stage Heter odyne Recelvers

The single stage heterodyne receiver in one stage converts radio frequency to

intermediate frequency. It utilizes only one mixer. As shown in Fig 2.3, the radio

frequency is received from the antenna, passed through an RF filter to suppress

interference; sent to a low-noise amplifier (LNA) and then to the mixer, and

eventually delivered to base-band ehip. The simple heterodyne design must take into

account the choice of IF and so depends on. trade-offs among three parameters - (1)

image reject filter loss, (1) image noise, and:(11l) spacing.between image and desired

band. Item |11 is of particular importance since designing-a narrow band filter is very

S

difficult.
Al D Bas
%Conv = Ban
RF Filtelmage Jechannel Amplifier
Filte Select Filter
BE off-chip Lo Frequency

Fig. 2.3 (a) Simple heterodyne receiver
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If the radio frequency w,; = @, + @, , then the mirror image may happen at
frequency o, = @, — @, . The mixer and local oscillator frequencies make it difficult
in the determination of the overlap frequency on the IF port. Accordingly, an image
rejection filter (IR Filter) must be added before the mixer. The IR filter typically
requires a high-Q filter, but the integration circuit (IC) does not allow the simple

implementation of a high-Q solution. Therefore, the integration of the system is

11



complicated.

This simple heterodyne raises a series problems associated with mirror image
rgiection frequency interference. The image frequency degrades the sensitivity and
signa-to-noise ratio (SNR). The image frequency is defined as @, = @ — 20 ;
the frequency of the down-conversion to IF is defined o, = 0, —@,,; RF is o, ,
and the local oscillator frequency is ,,. The down-converter mixer process must be
modeled mathematically to solve the image problem. The RF and LO input equations

are defined as V, = A, coSe,t and V, =A, cosot . and A, =A,=A is

assumed. Hence,

V, (t) = A cosw,t- A'COSm,t (2.1)
1.

= E A [COS(COrf + 60|0)t + COS(G)H b a)lo)t] ’ (22)
1.

=3 A[cos(w,; + @, )t + cosa,t] (2.3)

The second term is the intermediate frequency (1F) of interest.

o =0y —0, and o, =0, - 20, aeusedto rewrite the assumed image

frequency equation @, .. = @), — @y .

Vif (t) = Anage Cosa)ir‘naget ) Ao COSCU|Ot (24)
1,0

=5 A[cos(@), — @ + @, )t + COS(@), — @ — W)t] (25)
1,2

=5 A’[cos(2m,, + v, )t + CoS @y t] (2.6)

12



Therefore, strong interference at the image frequency affects the IF signal, then
the IF will strongly interfere with the desired signal, degrading the system (SNR). For
the simple heterodyne receiver, an accurate |IF frequency must be chosen. The
frequency declines to IF from RF and the local frequency only once. A high IF is
chosen. Accordingly, a high Q filter must be employed. The high-Q filter isnot smple
to implement with SoC and high-speed A/D converter design is very challenging. If a
lower IF is chosen, the image frequency will not be eliminated and the high image
frequency noise on |F will be'éxcessive. Figures 2:3(b) and 2.3(c) reved that if the IF
is high, then the image can be suppressed but complete channel selection is very
difficult. Therefore, the simple heterodyne has sensitivity and selectivity problems.

A simple heterodyne receiver:application-must take into account sensitivity and
selectively, and the problem of integrationfor a SoC system.
2.1.1.2 Multiple Heter odyne Receiver

To solve the problem described in the preceding section, the concept of the
simple heterodyne can be expanded to multiple heterodyne down-converter
mixers. The multiple heterodyne has at least two frequency levels from the RF
frequency down to IF, to eliminate the filter Q value requirement. Partial channel
selection can be conducted and the image rejected in two stages, as shown in Fig.

2.4 (a).
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Fig. 2.4 (b) Dual-1F heterodynereceiver frequency conversion.

Despite the fact that the multiple heterodyne receiver does not require high Q,
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integrating an SoC system will require that the band pass filter has a very large IC.
Figures 2.4(a) and 2.4(b) show spectra at various points in the dual-1F receiver. The
frond-end RF band selection filter suppresses image rejection and the spectra at point
as shown figures Fig. 2.4(b) A and B. Following LNA and image reject filter, a
spectrum from point as shown figures Fig. 2.4(b) B to C can be obtained. Then, the
desired channel and the adjacent interference must be translated the spectrum at point
C. The adjacent interference is dlightly suppressed by BPF-2. Similarly, the second
mixer provides reasonable linearity and signal translates to the second IF as shown
figures Fig. 2.4(b) spectra D and E. After The BPF-3 channel filter absolutely
suppresses the adjacent.interference signal; as shown in Fig. 2.4(b), in spectra F to H.

Finally, the IF signal is amplified.

The second down-conversion-mixer-typically generates both in-phase (1) and
guadrature (Q) which components of the signal are used to trandate the spectrum to
zero frequency, yielding the block diagram in Fig.

25
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Figure 2.6 shows a~fUndaméhtal archltecture,,m a homodyne receiver. The Lo

& i

frequency equals the RF input cérr‘ier fredi]éh‘?;ff; such receivers are called “zero-IF

or “direct-conversion”. The homodyne receiver is designed as alow-pass filter instead

of achannel select function.
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Fig. 2.6 Simple homodyne receiver.
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The homodyne receiver architecture has evident relative characteristic without
image reject signals. Since the homodyne receiver’s RF receiver signal is through RF
filter, LNA, mixer, and to LPF, which can remove image frequency by itself, the
homodyne architecture does not require an image reject filter. Consequently, the
homodyne requires no external connected component module, and can be integrated
asasingle entity.

A direct down-conversion receiver with a spectrum translated to zero frequency
suffers from such issue such@sDC offset, 1/Q mismatch, even-order distortion, flicker
noise and LO leakage problem, as desctibed below.

(a). DC Offset

Since the local oscillator frequency equalsRF, the isolation between the LO port
and the LNA input or mixer input is finite: The strong extraneous signal is fed through
from the LO port to the LNA input and the mixer input, as shown in Fig. 2.7 (a).
Similarly, if a large leakage from the LNA to mixer input interferes through to LO
port, it is possible multiplied by itself signal as shown in Fig, 2.7 (b), then, LO port
signal and mixer input signal couple signal can corrupt or distort the original signal of
the LAN or mixer input. The signal coupling issue then involves partial DC offset and
may cause A/D converter saturation, after causing a demodulation error. This effect

arises from the substrate or capacitance coupling.
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Fig. 2.7 Direct down-con;/_e.r;ion ar::h.itecture of DC-offset (self-mixer).
(b). 1/Q Mismatch
The mixer is input LNA RF signal and LO port signal. IF both signals phase
mismatch condition, causing down-converters signal constellation distortion,
increasing the bit error rate. Figure 2.8 displays the mixer input from LNA RF input
signa and local signal input contributions of gain, phase error, and above makes 1/Q

mismatch QPSK signal constellation.
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(c). Even-Order Distortion

i n Error
Gai n Error

Al D Bas ¢
—Plconvd Band
Gain Error
ain Error

contributions

AQ
\, | deal
\
\
\
\\ I
\‘ >
‘\
\
\
\
\
\
‘\\ \
\\\\\O\\
)
Phase Error

by

The low noise amplifier (LNA) may cause even-order distortion interference

adjacent to the IF channel, as shown in Fig. 2.9. The second term harmonic interferes

with the zero-1F signal.
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Fig. 2.9 Even-order distortion on interferes.

(d). Flicker Noise

The homodyne down-conversion 'spectrum 'I1s"extended to zero frequency.
Hence, in the homodyne .architecture, low-freguency noise of the device generally
approaches a function proporti onal:to1/f and named as flicker noise. The flick noise

dominatesin low frequency region and degrades the si ghal -to-noise ratio (SNR).

2.1.3 Comparison of thereceiver architectures

Table 2 lists the key features for a receiver and makes comparison between

heterodyne and homodyne receiver architectures.
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Table 2.1 Comparison of Heterodyne and homodyne receiver s ar chitecture

product.

ecelver Architecture |Heterodynereceiver Homodyne Receiver
Comparison Item
Fregquency conversions Twice or More Once
Channel Filter IF Base-Band
Required Discrete Filter RF, Noise, IF RF
Required High Q filter Yes No
Monoalithic integration base-band to Very Difficult Suitable
signal chip (SoC) (More passive component)
IF Selection Base on system design Zero IF

specification:

Mainstream Implement to commercial Researching...

2.2 Design Parameters and Non-ideality

For a down-conversion mixer design, the key performance parameters, such as

linearity by gain compression (P-1dB) and third-order intercept (IP3), sensitivity,

noise figure, dynamics range, and conversion gain, will be considered and discussed

in the following sections.
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2.2.1 Linearity

Most of systems approximated as linear systems under sufficiently low power
actualy reveal nonlinear characteristics in higher power region. The small signals
models used for RF and analog circuits, based on linear approximation are no longer
valid under increasing power. The primary effect of nonlinearity is the frequency
interference from adjacent channel frequency, which corrupts the desired signal. A
strong signa driven RF amplifier or mixer swill go into nonlinear region and the
nonlinear signal generates'an interference freguency, which may influence the desired
signal. Therefore, the linearity of the receiver determines the maximum allowable
input signal level.

For simplicity, these®nonlinear systems are assumed to be memory-less and

time-invariant. Taylor’s series are used to analyze the nonlinearity.
y(t) =, + % (1) + azxiz(t) + azxf’(t) t-= Zanxin (t)
n=0

Where a, _1dy® | o
n!{ dx' )™

(2.7)

Here x (t) is the input signal and y(t) is the output signal. Equation (2.7)
describes the output DC offset coefficient «,, o X (t)as the first-order term,
a,x? (t) as the second-order term, and so on. Here, the coefficient «, is assumed to

be independent of frequency and the receiver system can be approxminated as a linear
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system provided that the coefficient |¢, ,| > || .

Generaly, the analytic linearity problem involves a sinusoidal input in Eq. (2.7).
Thus, we employ input signal asfollows:
X(t) = A cosm,t + A, cosm,t (2.8)

Substituting equation (2.8) into (2.7).

y(t) = a, + a,(A cosmt + A, cosm,t) + a, (A cosm,t + A, cosm,t)’ +
(29

o, (A cosot+ A, cosw, )’ +-onnnnn

=, + o (A cosat + oA, COSt) +

1+ cozs 20t v

LA 0T ) %A, [COS(, + @,)t +COS(ay — o, )t +

2
a2A12 a,h,

WA (cosSa)lt ZScoswltj+a3A:(cos3a)zt Z3cosw2tj+

1+cos2amt

1+cos2amt j

3o, A’A, ( ]cos ot +3a, AA; oS wt [

Listing the fundamental and harmonic second-order and third-order terms gives the
following.

The first-order terms with fundamental frequency is expresses by (2.10) and
(2.11):

o

3cosw,t
4

a, A cosm,t + asAf( j + @j%AlAzz cosm,t

(2.10)

3 s (3 2
= (ozlA1 + ZOtSAl + (Ej%AlAz j cosa;t
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a,A, COS ot + a A (%J + (gj o, AZA, CoSs m,t
(2.11)
3 s (3 2
=| A, + Z%A2 + 2 a, AT A, |cosm,t
Second-order terms:
1
20,: EazAl cos2m,t (2.12)
1 A
20, EazAz COS 2w,t (2.13)
ot o0 a,A A, [cos(o + w,)t +CoS(@,=w,)t | (2.14)
Third-order terms:
o1
3w;: ZaSAi cos3;t (2.15)
N
3w,: Za3A2 cos3w,t (2.16)
3 a2
2 a, A, AJCos 2wt cos w,t

20, T w,: (2.17)

= %(stAfA2 [cos(2m, + w,)t + OS2, — w, )t ]

3 2

2 a,A/A; Cos wt Cos2m,t
w, +20,: (2.18)

= %aSAlAZZ [cos(w, +2mw,)t + cos(w, — 2w, )t ]
Through the Fourier transformation from time domain to frequency domain,

Y(w) yieldsthe inter-modulation output spectrum in the frequency domain, as shown

in Fig. 2.10.
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Fig. 2.10 Inter-modulation output spectrum in the frequency domain.
Generdly, in RF linear systems, the saturation of conversion gain follows an
increase in the input signal, aceelerating conversion.gain saturation. Equations (2.10)
and (2.11) indicate that the amplitude of the desired signal.is
3 s (3 2
A+ A | D AR (2.19)
For A, << A, thegain of.the desired signal-equalsto
3 2
a, + > A (2.20)
Assume that «,<0 (eg., o, =—a;) and that A, is sufficiently large, the
output conversion gain in Eq. (2.20) can be dropped to zero. Accordingly, the
third-order signal corrupts the gain as the input signal amplification increases.
2.2.1.1 P-1dB Gain Compression
As mentioned above, when the strength of the input signal to the amplifier
drives the amplifier into saturation, the output signal from the amplifiers will be

clamped. As aresult, the linearity of a system determines the maximum range allowed
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for the input signals to the amplifiers. This amplifier working range is defined by the

input signal level at which the small-signal gain drop by 1 dB. Thisis called the 1dB

compression point (P-1dB), as shown in Fig. 2.11.

Put

oOIpPF—————fp————————— —

OP-1dB=Polut _ _ (

201 og( Ai n)I=IPA3n (dBm)’Pi n

Fig. 2.11 P-1dB compression gain point
To determine 1dB gain compression point, a single tone excitation is carried out.
A singleinput signal is assumed and given by A2=0in Eqg. (2.8). Inthiscase «,<0
(negative) and the second term degrades the gain.
3 3 3 2
o, A+ Za3A1 cosot =| o, + Zong1 A cosot (2.21)

The 1dB compression point is define as the input power level at which the
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output power drops by 1 dB.
3 2
al|dB —-1dB = o, + ZaaAldB
%O 3 2
= 20log a; —2010g10”% = 20109 a1+za3A1dB

a,
=
1.122

— al + %asAlde = —0108730!1 ~ %agAide

| |

= Ay =/0.1449 (dBV) (222)

|z
Equation (2.22) does no'F takeiinto'account the high-order harmonic terms. Due
to the fact, the actual P-1dB compression point value is generally below what
expected from Eq. (2.22).
Most of the measured P-1dB.are expressed in dBm: dBm is an absolute unit of
RF power. Therefore, dBV is converted to dBm: dBm is defined as a power

dissipation of 1 mW at a characteristic impedance of 50 Q in a system.

Hence,
P fo“s/ Vv ?
ower 50Q rms
:>dBm:10I0g[ jleIog — s :1OIog[—j
1mwW 1Imw +/0.001-50
=20log(V,,,) — 20Iog(0.05)% =dBV +13.01 (dBm) (2.23)

2.2.1.2 Third—order Intercept Point (IP3)

A receiver cannot remove two adjacent interfering signals using a filter, as
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presented in Fig. 2.10. The narrow band filter design is not simple. Signal interference
produces an inter-modulation of signals, affecting the RF system. The
inter-modul ation signal degrades system performance, and the bit error increases after
demodulation.

The third-order intercept point is determined by atwo-tone test, as shown in Fig.
2.12. The two-tone test is generally employed to identify adjacent channel frequency
interferences, caused by the signal reciprocal effects of internal components. Two
sinusoidal waves with frequencies of o, and w, are applied to an amplifier.
Equation (2.8) is substituted into Eq. (2.6). The third-order terms are given by Egs.

(2.17) and (2.18) and the third-order intercept is plotted inkig.2.11.

X(w) Y(o)
A A

. Ao u-t____F__u_ n__d ament al
Desire

Fun_d_amentasli gnal

Ll ey o ¥ / | M3

i e -8
! ! Syste
0 ®, O, o Y 0 20,-, 20, - @, ’(A)

Fig. 2.12 Third-order inter-modulation between two tone inter ferences.
As shown in Fig. 2.11, the third-order intercept point terms are set across equal
to the first-order point terms. Setting Ai=A2=A in Eq. (2.17), and equating the

coefficient o, A to o, A ps, Yields,
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3
A3 = ZasAﬁPs (2.24)
4|
= Aps = 5:051 || (dBV) (2.25)
3

Comparing Eq. (2.22) with Eq. (2.25) yields

4|a |
AIIPS — 3 | 3 | —
2.26
N ATA (2.26)
|exs |
= 20log(Ap3) — 20l0g(As) = 20109(9.201) = 9.64 (dB)
Hence, IIP3isrelated to P-1dB by the equation as follows,
[1P3 = 1dB compression peint + 9.64 dB (2.27)

The graphic shown in Fig. 2.11 can be used to calculate the input and output

third-order intercept points given by (2.28) and (2.29) for-l P3 and OPI 3, respectively.

AP 4

III:)3|dBm = + I::n|dBm (228)

AP 45

(2.29)

OI P3| dBm — Pout | dBm
2.2.1.3 Sensitivity

The sensitivity of an RF receiver system is determined by the minimum signal
level that the receiver system can detect under an acceptable signal-to-noise ratio.

Mathematically, the noise figure (NF) is defined as

_ NR, _ Sn/Nin _ SaNoy (2.30)

NF = = =
S\IRou'[ S\IRout Sou'[ Nin

where Snand Nin represent the input power and the source resistance noises per unit
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bandwidth. S,,= G-S, and G is the power gain. The channel bandwidth (BW) is

n

across the overall signal.

Therefore, the input signal power across the channel bandwidth is obtained by
rewriting Eq. (2.30) as,
S, =S\NR, -N, -NF-BW (2.31)

Taking logarithms gives,

S|n,min|dBm = s\lRmin|dB + Nin dBrp'/_|Z + NF|dB +1O|Og(BW) (232)
Equation (2.32) predicts’the sensitivity perfofmance from the output SNR. The

receiver input system is assumed to exhibit conjugate matching at the input; Nin is

obtained as the thermal.noi se power :

AR, 1

"= = KT S=1741.dBm/ Hz (2.33)

where T is the absolute room-‘temperature (°K).'and Nin at 300°K is equal to —174

dBm/Hz .

Thus, the minimum input power S min IS derived as

S = 174 dB%Z+ NF +10log(BW) + SNR - (2.34)
In Eqg. (2.34), the sum of the first three terms is sometimes called the “ noise

floor 7, which is generally employed to define the dynamic ranges, such as SFDR and

BDR in the following section. Since SNR_,,is a function of the bandwidth, the noise

floor isdetermined by setting SNR,,, in Eq. (2.34) to zero.
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2.2.1.4 Dynamic Range

The dynamic range (DR) is defined as the ratio of the maximum allowed input
signa level to the minimum input signal level at which the signal quality is
maintained [2], [3]. Two definitions of dynamic range are adopted to evaluate the
dynamic performance, as shown in Fig. 2.13. These are called spurious-free dynamic
range (SFDR) and blocking dynamic range (BDR). For both definitions of dynamic
range, the minimum boundary is defined as the noise floor plus SNR .. . The
spurious-free dynamic rangé (SFDR) and blocking dynamic range (BDR) are
interpreted as follows.
(a). Spurious-free dynamic range (SFDR).

The upper bound of SFDR'is.defined as‘an input two-tone test signal at which
the third-order inter-modulation (IM3) distortion products do not exceed the noise

floor, asdisplayed in Fig. 2.14.
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Fig. 2.14 Upper band of SFDR

From Egs. (2.9) and (2.17), aquick calculation of IM3is,

Aa)l,a)zz ‘al‘An :4‘al‘ 1
Avs  3as|AL14 oy A2 (239

Substituting Eg. (2.25) into Eq. (2.35) and taking logarithms, yields,
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;1211 A]; _ A|A|2P3 (2.36)

where Ainisthe input level at each frequency.

2000g(A,,,,,) — 2000g(A,,;) = 2000g(Ay,,) — 2000g(Ay )

(2.37)
1
= 20009 Ayp; = [ 20710g(A,;,,) = 207109 (Ay,5) |+ 20 Tog(A,)
Thus,
P.—-P
IIP3= 2 5 24P, (2.38)
Pw.ox representsthe power of the tM3 components at the output.
Since P, =R, +G andy. Py, ., = BumrtGywhere G isthe circuit gain,
3Pin - I:)IM in
IP3= ——— (2.39)
Theinput level for the IM products should become equal to the noise floor.
Thus,
3P —P. P,“2-11P3
P3=—"=__T - Pipx =————————— (2.40)
2 ’ 3
The relationship between SFDR and SNRmin is thus obtained.
211P3+ P,
SFDR="———"— (R, + \R,,)
3
(2.41)
2(1IP3-P,)
== -9,

(b). Blocking dynamic range (SFDR)

The upper boundary of BDR is the P-1dB compression point, and the overall

gain declines to zero since the small signal gain is attenuated by large interference.

Figure 2.13 is used to obtain the equation for calculating BDR.
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BDR=P . -P_-SNR

min

Attempt to find out the relationship between SFDR and BDR.

Equations (2.26) and (2.41) are manipulated to yield, .

P, =1IP3-9.64dB
3

lIP3=—(SFDR +SNR_..)+ P,
2

Thus,

BDR =P, —P,- ~SNR_,

— -3SFDR+1iSNR, -9
2 2 4

degraded.

(2.42)

(2.43)

(2.44)

(2.45)

desired signal and then SNR is



Chapter 3.

Design of a5.5 GHz CMOSACctive Mixer

The accuracy of MOSFET model for simulating high frequency characteristic
will have direct and dramatic impact on the RF circuit design and performance
optimization. A compact CMOS model should cover both active and passive devices,
such as MOS transistors, varactors, capacitors, inductors, and resistors. An accurate
compact RF CMOS model' can help facilitate 'RE*circuit design with increased
first-pass success. In this thesis, TSMC 0.18u ‘m mixed signal 1P6M silicide
1.8V/3.3V RF CMOS models are used:in circuit simulation for the design of a new
down-conversion mixer. This chapter discusses the trade-off of RF performance with
the minimum noise figure (NFmin), conversion gain, and linearity.

A CMOS based RF amplifier or mixer circuit design can adopt common source
and common gate for high-frequency applications. The common source exhibits a
high conversion gain, and wide matching bandwidth in the deep-submicron process.
The mixer design focuses on the trade-off between various performance parameters,
such as the conversion gain, linearity, and flicker noise in the direct conversion

receiver.
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3.1 Mixer

In general, the basic mixer architectures can be classified as two major
categories, one is the active mixer and another is the passiver mixer. The passive
mixer has advantages over the active mixer, such as broadband and high speed due to
much smaller junction capacitance, high linearity, dynamic range, and lower flicker
noise. However, a passive mixer sometimes suffers disadvantages, such as
unsuitability for integration in SoC, inherent conversion loss, poor port-to-port
isolation, and high LO power fequirement. In the following sections, mixers adopting

various topologies will be introduced and discussed.

3.1.1 Passive M ixer

The passive mixer has advantages of high Iineari'ty, low noise, and low power.
However, the magor penalty suffered by the passive mixer is the worse loss in
conversion gain.

A passive mixer can utilize MOS transistors or diodes as the basic devicesin its
circuit architecture. Most of passive diode mixers adopt Schottky diodes as shown in
Fig. 3.1(a), mainly because the Schottky diodes represent majority carrier devices,
and are faster than p-n junction diodes. MOS transistor is an essential element in
active mixers and may be used in passive mixers, as shown in Fig. 3.1(b).

The passive mixer integration in SoC is very difficult since the Balun circuit is
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amost passive or includes a center-tapped transformer, whose integration into SoC
will occupy a large area on the chip. The passive mixer is generaly popular for

applications demanding high-linearity, |ow-noise, and low-power-consumption.

180 Bfal un

< L.O >

Fig. 3.1(a) Passive (Diode) mixer

|
LO-b_I I_OLO_

L oo E |—oLO+
[

Fig. 3.1(b) Passive (M OS) mixer
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3.1.2 Active Mixer

Gilbert cell isthe most popular architecture adopted to build an active mixer and
the resulted mixer is generally named as a Gilbert mixer. Figure 3.2(a) and (b) show
the single and double balanced mixers, respectively. The noise figure of a typical

Gilbert mixer circuit is between around 8~15 dB.

Vcc

r

R. R

I F Qp— —Q | F +

Lo O M1 m2 | FOLo

RFo_I M3

Fig. 3.2(a) Single Balanced Mixer
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Fig. 3.2(b) Double Balanced Gilbert Mixer

3.2 Design of L ow-Power-Consumption Circuit with

L C-Tank

The basic circuit topology of a Gilbert mixer is a kind of cascade architectures
incorporating RF stage and LO stage. Therefore, the supply voltages required for a
Gilbert mixer have to include one set for LO and another one for RF, as shown in Fig.

3.3. A simplified circuit block in Fig. 3.3 illustrates the DC voltage and RF ground
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signal through the full lines and dotted lines, respectively. The voltage (Vcc) applied to
the drain-to-source of each MOS must be at least double the minimum threshold
voltage (Vth_min), i.€. Vcc > 2 Vih_minthe  OF minimum active component turn-on voltage
(Von), i.e. Vcc > 2 Von, to turn on all active components in normal operation. The
standard Gilbert mixer requires a high voltage to maintain all MOS transistors in
normal operating region. As a result, this kind of mixers generally suffer large power
consumption. The voltage scaling limitation as identified in RF and LO explains the
major bottleneck for low poWer design using the eonventional Gilbert mixer. This
work presents a low-voltage circuit design technelogy based on the LC tank for a
down-conversion mixef; as show in Fig-8.4. A voltage is applied to turn on the active
MOS transistors of the LO and RF circuitsbased on LC.-tank resonance.

Fig. 3.4. shows a simplified cireuit block diagram for the proposed low voltage
mixer. The LC tank is designed with a target resonance frequency at 5.5 GHz for
wireless applications, such as in 802.11a. The new topology can reduce the total
supply voltage and keep LO or RF active elements in normal turn-on. Ideadlly, the
passive components such as inductors (L) or capacitors (C) employed in a LC tank
have no power consumption. In this way, the proposed circuit topology can help
voltage scaling and achieve low power operation. For the circuit topology adopting a

L C tank, there is headroom voltage in the DC equivalent circuit. The bypass capacitor

40



is used to couple the RF signal from the RF MOS transistor output to the LO MOS
transistor input and isolate the DC bias between the LO and RF stages. The inductors
and capacitors are assumed to be ideal and operate at the targetted RF frequency (orr).
When the LC-tank operates ideally with a parallel resonant frequency equal to wgr ,
its equivalent circuit is like an open circuit for an RF signal. Therefore, the minimum
supply voltage can be reduced to a turn-on voltage (Von) of a single transistor,
supporting the circuit with a cascade architecture.

RF Ve ¢
( Gng,) (Dbe)

oL
[}
(]

Load EIl ement Circuitt

LO EIl emelnt Circui't

RF EIl eme|nt Circui' t

Fig. 3.3 A circuit block diagram for atypical Gilbert mixer with RF, LO, and load

stages and the applied DC and RF ground (Gnd).
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L A= dyapn L C-
%:} Cir€h¢mpam%:3 Circt

Fig. 3.4 A new topology using L C-tank and bypass capacitorsfor low voltage
operation in a Gilbert mixer with applied DC, RF and RF Gnd.

3.3 55GHzCMOSDown-Conversion Mixer

This section describes the combination of multiple gate MOS transistors at RF
input, inductors at RF output, LC tanks at both RF and LO stages, bypass capacitors
between RF and LO, and output loading capacitors. The low voltage design built on a
CMOS Gilbert cell mixer has been described above. In the following section, the

design for down-conversion mixing will be described and discussed.
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3.3.1 5.5GHz Down-Conversion Mixer Circuit Block

The 5.5 GHz down-conversion mixer circuit design comprises eight circuit

blocks, as shown in Figure 3.5. They are the multiple-gate RF amplifier, the parallel

L C-Tank, the bypass capacitor, the local switch, the load circuit, the RF Balun, the LO

Balun, and the measuring circuit. QFN package is used to integrate the on-chip and

off-chip circuits together.

A

[}0}1 Board Circuits
On Chip Circuits

Load Element Circuit

o L
Balun Circuil,:

LQ Element Circuit

o
' ireuit |

I__:_L__

R

§

Bypass
Capacitor

’ll

?

wnwil

Multi-gate RF Element Circuit

Fig. 3.5 The proposed CMOS RF mixer block

Figure 3.5 presents the on-chip circuit blocks by solid lines blocks and the
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off-chip circuit blocks by dotted lines. The off-chip circuits occupy a much larger area

than the on-chip circuits. Figure 3.6 displays the whole chip circuit design.
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Fig. 3.6 The proposed double balanced RF mixer circuit tolopogies

The CMOS mixer is designed with the low-voltage topology described above.

Figures 3.5 and 3.6 are used to represent each circuit block and its function in the

proposed RF down-conversion mixer.



3.3.1.1 LC-Tanks

Manku first utilized LC-tanks for low-voltage design and reported the

application in RF circuits [4]. In this work, LC tanks were designed with a target

1

2-mL-C

resonance frequency, operates like an open circuit, as shown in Fig. 3.8. Therefore,

resonant frequency of 55 GHz, given by f, = . A LC tank, at its

LC-tank circuits may solve the problem generally suffered by the typical cascade

circuit. The LC tanks required for this design were implemented by off-chip PCB

layouts to meet the chip area constraint'clefined by CiC for test chip tape-out. For the

L C tank design, the L value was determined from the calcul ated capacitance (C) value

0.352pF at a resonant frequency. 0f'5.5 GHz. This thesis:proposes RF output pull-up

to supply the source low voltage,-and L O pull-down te‘common ground [5].

C= 0.354=pR- F69 nH

Fig. 3.7 LC-tankscircuits
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Fig. 3.8 Illustration the L C-tank circuit resonating frequency for RF signal

and DC biasing status.

3.3.1.2 Multiple Gate MOS Transistorsused in RF Input Stage

For an RF front end amp!ifier, such'asused in LNA and mixer applications, high
linearity at low power consumption iS very important.. Some possible solutions for
low power design has been mentioned previously. Many approaches have been
developed to compensate for mon:linearity. For instance, MOSFET operation in a
triode region has been used to improve the linearity of the main RF amplifier [5]. B.
Kim proposed a new linearization method that is based on multiple gate transistors for
the RF amplifier and the mixer in common source integrated circuits [7].

The linearity of LNA and mixer is generally related to the drain current ips, as
plotted in Fig. 3.9. The linearity model is derived mathematically using Taylor series
and Eq. 2.7 is applied to expand the ips harmonic terms. Eq. 2.7 is rewritten here and
ips, gm and vgs used instead of  y(t), a and X (t)[7].

Thus,
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AR

; : (3.1)

= l DC + gmvgs(t) +

The coefficient of v, is well known to be important in the distortion of

third-order inter-modulation (IM3) harmonics of an RF mixer.
Ips
+ l +

+
W) oV @IMLS v,

Fig. 3.9 MOSEET small signal model

Figure 3.10 (a) indicates the circuit-schematics of a multiple gate topology for
circuit simulation to verify its effect onlinearity. Fig. 3.10 (b) presents the secondary
derivative of transconductances (gn") of Q1 and Q2, and Fig. 3.10(c) is the effective
Om” as a combination of Q1 and Q2. Sweeping the gate bias (V) in the range of
interest, the first transistor Q1 contributes negative transconductanceg , whereas
the secondary transistor Q2 presents positive transconductance 9"m,Q2 . Through
appropriate tuning on Vs applied to Q1 and Q2, g’ can be nearly eliminated in a
certain region of Vg and the nonlinearity can be reduced. Simulation was carried out

to investigate the differences between the single gate and multiple gate structures in
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terms of linearity, conversion gain, and power consumption. The comparison results
as shown in Fig.3.6 indicate that multiple gate structure can offer better linearity and
conversion gain but suffers larger power consumption. A trade-off must be made
between the power consumption and linearity. Table 3.1 makes comparison between
single gate and multiple gate structures in terms of power consumption, P-1dB, 11P3,
conversion gain, single side band noise (SSB), and double side band noise (DSB)

predicted by simulation..

Table 3.1 Comparison between the single gate and multiple gate performance

Simulation Item (Without package mode!) Simple Gate| Multiple Gate

freq=5500 MHz, LO freq=5490-MHZ

Power Consumption 2.51 mW 2.81 mW
Linearity of P-1dB 3.689dBm | 6.188 dBm
Linearity of 11P3 8.2dBm 12.2 dBm
Conversion Gain 13.318dB 20.908 dB

Single Side Band Noise (LO=2.5 dBm) 26.571 dB 2797 dB

Double Side Band Noise (LO=2.5 dBm)
21.748 dB 21.52 dB
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Fig. 3.10 (&) Multiple gated circuit topology.
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Fig. 3.10 (b) g of Q1 and Q2 (c) theeffective g resulted from combining Q1

and Q2 toincreaselinearity
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3.3.1.3 RF Output Inductors

An inductor was in series with the RF output to increase the conversion gain

available at mixer output [3]. The inductance of around 3.799 nH was adopted to

ptimize the output matching and improve the conversion gain. Then, the first phase

design for RF stage is completed for the downconversion mixer as shown in Fig. 3.5

This circuit design improves the linearity by using multiple gate amplifier at

transconductance stage and increases the conversion gain by using inductors at RF

output. However, a large chipiarea consumed by the inductors for output matching

becomes a mgjor penalty in terms of cost and chip areautilization

3
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Heg:2
[=3-]
g

c1 Iasmmr
al T =
m
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Fig. 3.11 Circuit schematicswith RF amplifier, input and output
Balunsfor smulation and first phase design of the mixer
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Figure 3.11 illustrates the circuit schematics for simulation. Fig. 3.12 indicates
the input return loss S;; and conversion gain S; simulated for the RF amplifier. In this
design, the conversion gain Sy; at 5.5 GHz achieve the maximum value of around 10,

and Sp; can be pushed to around —20 dB.

dB(S(1,1))
dB(S(2,1))
1

T T T T T T T T
2 3 4 5 6 t 8 9 10

Fig. 3.12. RFamplifier S11,-S21 calculated by circuit simulation

3.3.1.4 Balun Circuit Design [5]

Differential (balanced) inputs-and outputs generally required for RF 1Cs can be
realized by direct-coupled stages made up of pairs of transistors. These differential
inputs and outputs must often be interfaced to single-ended (unbalanced) connections.
The degp submicron CMOS process supports high-frequency active devices for RF
applications, but the integration of high-quality passive components such as inductors,
transformers, resistors and capacitors on a single chip is difficult because that passive
devices generaly occupy a large area. Although high-quality inductors and
transformers have been accurately modeled and Baun applications have been

reported [8], [9], the integrated inductor and transformer perform moderately because
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of the resistive losses from trace metas and substrate loss associated with the

underlying Silicon substrate.

In this section, a lumped element Balun was designed providing an effective
solution to RFIC interfacing, which can achieve low cost and less PCB space than
aternatives such as a transformer or transmission line Balun [8]. A comparative
monolithic transformer with two coupled inductors has a greater quality factor (Q)
than LC-Balun in differential circuits [10]. However, an accurate modeling and
parameter extraction for monalithic transformers or inductors are more difficult and
require more extensive effort and fime. to achieve "accurate measurement and

simulation [9].

L P2
(YY) .
P1 = —~ C
T+ L3R
R. V4 V4 .
% c o P3
@vs L

Fig 3.13 RF LC Balun Circuit.

Fig. 3.13 shows the LC Balun circuit applied to RF and LO inputs. It is easily
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designed and can be fabricated on-chip or off-chip on PCB. In this thesis, it is

implemented on PCB, i.e. an off-chip approach.

A circuit analysis was done on the LC Balun to determine the L and C values.
The half-circuit theorem was applied to analyze the LC Balun circuit. In this way, the
origina LC circuit was partitioned to two identical half circuits, which are symmetric

with respect to the source node.The circuit is therefore redrawn as shown in Fig. 3.14.

P1 L P2
. LYY o

— C ~CZ2R=0..5
R=2: R.~=.2: l i
4 2 R=0..5

~

O
O/\

R= 2: ] T 0. .5

Fig. 3.14 Half-circuit equivalent circuit

Let Zin=RnLand XL = Xc. Calculate Zin for the equivalent circuit, as shown in Fig.

3.14.
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Zyn =(Rye = IX )X = JX,
for X, = X;
X Xe

(RHF - ch)// JXL - ch =—
Ryr

and

Z|N = RHL
LXC
R

X

=R

HL
HF

(3.2)

Thus,

Xe = \/RHF Ry = \/RF R (3.3
The LC Balun circuit isdesigned for a band fréquency of approximately 5.5GHz.
Figure 3.15 plots the frequency response of LC-Balun , indicating that the amplitude

mismatch is below 0.1.dB and the phase error between port 2 and port 3 is less than

1.5
ml m2
00 A 4 -180 \ 4
0.2 ‘m1 ] -181— m2
i freq=5.500GHz 88 e | freq=5.500GHz
2 L. m1=-0.009 g | m2=-180.067
” UN
i o 183
0.6— )
-184—
-0.8 L L T T T T T ‘ T -185 7 L L T T T ‘ ]
5.0 52 54 56 58 6.0 6.2 6.4 6.6 5.0 52 5.4 5.6 5.8 6.0 6.2 6.4
freq, GHz freq, GHz

Fig. 3.15 Frequency response of LC-Balun in terms of magnitude error and
phaseerror.

3.3.1.5 L0 Switching

RF mixer is akind of nonlinear circuit applied for wireless communication. The
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mixer functions as a multiplication circuit that multiplies the input signal by the LO
signal. Therefore, the IF harmonic equationf. = mf, , + nf,., is obtained where m and
n are integers. In this work, a double balanced mixer was adopted to gain better
linearity. Gilbert cell mixer was selected as the basic structure to build the switching
stage. In the following, an introduction and circuit analysis will be done for single
balanced and double balanced mixers, respectively.
3.3.1.5.1 Single Balanced Mixers

A single balanced mixer accommodates dssingle-ended RF signa and a
differential LO signal. The circuit schematics of a single balanced mixer shown in Fig.
3.2(a) is redrawn in Fig. 3.16. The RF.signal passes through the M1 transconductor
stage, providing an amplified signal that converts avoltage signal to a current signal,
and the current signal passes through the current.commutating stage M2 and M3 (i.e.,
switching stage), yielding down-conversion or up-conversion frequency at the IF

terminal.

55



<
)
o
<
-0
o

R. R. R. R.

RF O M1 )

Fig 3.16 Circuit schematics of a'single balanced mixer and the equivalent circuit
of the L O switch.

The Fourier series is adopted herein to analyze the signal, as shown in Fig. 3.17.

Vid t )
A

Vio t )
> '
Viog t )
Fig. 3.17 L O switch waveform.
Vio () =Vioi(t) +Vi0, (1) (3.9
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sin3a) ot ,sin Syt i

1 2

V o, (1) = > + ;(sm ot + 3 c ) (3.5)

Vo, (1) = 2+ 2 (sina gt + M3t | SINS@t oy (36)
2" 7 3 5

Let RF input signal Ve (1) = AR COS 0 t

Thus,

sin3wL0t+sin5a)Lot+m

3 = ) (3.7)

V, () = 4 A COSwt - (SN ot +
T

If ArR=1, then the single balance circuit has a voltage gain of around 6 dB.

3.3.1.5.2 Double Balance Mixer ~.Gilbert Cell Mixer

In contrast with.the single balanced mixer, .a double balanced mixer adopts
differential signals at both RF and L.O inputs:-Fig. 3.18 presents the circuit schematics
of a double balanced mixer, so‘called Gilbert mixer, and the equivalent circuit of the
LO switch. The Gilbert cell mixer employs MOSFET differential pair serving as a
transconductance amplifier and use four MOSFET realizing the LO switching
function. Then, the LO inverse pair switches the down-grade/upgrade RF frequency to
the IF terminal. The even-order harmonic frequency interference can be eliminated
from the Gilbert cell mixer due to the feature of a differentia pair balance

architecture.
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Fig. 3.18 Circuit schematics of a double balanced mixer and the equivalent

circuit of the L O switch.

The ideal waveform of the LO switch-is:a square'wave. Figure 3.18 shows the

fundamental circuit architecture .of an LO 'switch in a Gilbert cell mixer. All MOS

transistors are assumed to work in the saturation region and all transistors to have the

same characteristics. The substrate body effect and the output resistance are neglected

[11]. The drain currents can be expressed as

. 1. W,

Ipy = Eknl 2 (V(331 ~Vin )2
nl

. 1. W,

Ip, :Eknz L 2 (VGSZ _Vth)2

n2

S IDl—i_IDZ
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here k,'=ux.C_,

1 W
Let k, ==—uC_ —2 311
nT o Hnox L ( )

n

Equations (3.8), (3.9) and (3.11) can be rewritten
’\/iDl = ’\/kn(VGSl_vth) (3_12)
\/ioz = ’\/kn(VGSZ _Vth) (3.13)

Subtracting Eq. (3.13) from Eq. (3.12) and substituting
Vee = Vesi ~ Vasz2 = Vga — Vg2 (3.14)

where v, isthe RF differertial input signal, yields

Vio: = Afioe = oK, (Vost = Vesn) (3.15)
= ’\/K(Vgsl o Vgsz) (3.16)
= K5 (Vige ) (3.17)
Equations (3.10) and (3.17) are'two equations in-both i,, andi,. They can be solved
together to yield
( RF 2 1
2kn|S(VRF I (3 8)
/k
( RF 2
~ J2k. | S(V;F ) J1- |/ (3.19)
k

Equations (3.18) and (3.19) are thus obtained. The limiting input RF signal magnitude

can be calcul ated.
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Uy
(/k w0

At the biaspoint, v, =0

iDl = iDl :Ii
2

Correspondingly,
Vest = Ves2 = Ves
Thus,

I
% = kn (VGS Vi )2

( /)2 <1 = |VRF|S\/%
(/k n

ne 3.19) intheform
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(3.23)

(3.24)

(3.25)
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Given along channel MOSFET operating in saturation region with adrain current at

|, , then the transconductance can be derived as g,, = 2lo :
(VGS _Vth)
I
2(°55)
Thus, g, = A - (3.27)
(VGS _Vth) (VGS - Vth)

, I

Ip; = ES gm(_) (3.28)
: I Ve

lpy = — — 3.29

D2 2 — O 2 ) (3.29)

The IF output resistance is assumed to be RL, the input signal Vo =Sinwg:t,
and LO transistors, M3-M6 exhibitsrideal switching. Following (3.7), (3.28), and

(3.29), the drain currents of [LO transistors can be rewritten;

sm 3w ot L sin5w,  t

(0=, ff inaf g P 3
sin3w .t sinbw .t
D4 (t) - __g (Sln LOt : a)LO + 5a)|‘o + .. .) (3.31)
iDS(t) = igm V% : (Sin a)LOt + Sln33a)|-ot + S|r155a)LOt 4. )
g (3.32)
ipe(t) = _igm Vi-(sina)Lot + Sin3a ot N sin5a, t o)
i ‘ 3 S (3.33)
The IF output drain current equation is
i|F :iD3+iD5_iD4_iD6 (334)

The negative represents a phase inversion of 180°

Substituting Eqg. (3.30) to (3.33) into (3.34) yields relationship between the input and
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the output signal.

Vie (t) = iIF (t) ) RL

sin 3w ot N sn 5@t

4 .
:gm-RL-vRF-;-(sma)LOH 3 = +-)

sin3w ,t sSn5m ot
+ + oo
3 5 ) (3:35)

. 4
=0, R SnNogt-— (SN t+
T

The first-order term in Eq. (3.35) is considered. The output signal is to be
determined and the other terms represent the harmonic signals.
4 . : ;
Ve(t)=—-9, R, -sinegt-sino ,t
T
L
‘Om "Ry 'E[COS(G)RF = Do)t = C0S(wge + 0 o)t

‘0, R [COS® t=COS(0z; + @ )t (3.36)

Thus, the conversion gain fo a standard Gilbert mixer is given by

‘R (3.37)

Conversion Gain = 2, O
T
In practice, the LO signal is typically a sinusoidal wave rather than an ideal

square wave. Assume the current-commutating stage be driven using a sinusoidal

wave LO signal. The gain of the mixer can be expressed as[12].

2 {1_ \/E(Vgs _Vth)\]

Conversion Gain= —-g,,-R_ (3.38)
T

-V,
where (V, —V,,) is defined as the turn-on overdrive voltage of the LO transistors

(M3~M6) and VLo is the amplitude of the LO signal. Applying (3.38) to multiple gate
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structuresin a Gilbert cell mixer, the conversion gain can be expressed as

J2(v, -V,
Multiple Gated Conversion Gain = 2. R (9, + gmz)(l—% (3.39)
T Lo

The matching of all the transistors involved in the differential pairs must be
optimized to improve the linearity of the mixer. Accordingly, the channel lengths of
the transistors, such as M3~M6 in Fig. 3.18 were chosen longer than the minimum
rule wherever possible.
3.3.1.6 IF Output — Para!lel RCIiNetwerk for Linearity | mprovement

As for the IF stage; the output'can be sensed as either a differential or a
single-ended signal. In.this design, a differential output is,adopted to take advantage
of higher conversion gain and better RF-to-1F isolation [12]. The use of multi-stage
parallel RC networks at output was proposed for high |i'nearity and low power CMOS
mixer design [5]. Our simulation results indicate that the accommodation of
multi-stage parallel RC networks at output indeed can improve mixer linearity in
terms of P-1dB and 11P3. In the following, the comparison in linearity will be carried
out between the new design with and the conventional ones without parallel RC
networks.
3.3.1.7 Package Topology

QFN 20-pin package was employed in this design and was offered by SPIL.

Figure 3.19 defines the pin name for chip wire bonding. The most important problems
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of mgor concern are are the parasitic inductance and resistance in series with the
bond wires and the parasitic capacitance originated from the bonding pads. Figure
3.20 illustrates the bond-wire package model . The series inductance is approximately
InH/mm with a length of bond-wire that generally exceeds that of the on-chip
inductor. The bond wires have significant influence on the circuit performance. Due to
the fact, the package model of bond-wire must be taken into account in the full circuit
simulation measurement. Chapters 4 and 5 will describe the simulation and

measurement results.
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Fig. 3.19 Pin assignment for the bonding pads on board
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Fig. 3.20. Package model of the bonding pad and wires

3.4 Figure-of-Mmrt&ronlRF CM OS Transistors

The RF CMOS transistor design is generally guided by the key performance
parameters, such as the cut-off frequency (f1), maximum oscillation frequency (fra),
minimum noise figure (NFmin), 1/f noise, and the ‘third order harmonic intercept
voltage (Virs), etc. al.the performance parameters are classified as figure-of-merit
(FoM). The design challenges come from-the-trade-off between different performance
parameters. In the following, the first-order equations for the RF FoM, such as fr, fmax,

NFmin, and Viirs are given below [13].

1 m
" orC. +C i C_+C (340)
T g9 + par + gso + gdo

f (3.41)

(Rg +R)'(gds+2'7z.' ft 'ngo)

max

1
2

NF,, =1+ K%ng(Rg +R +R)) (3.42)
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NFmin

24-9,,

V. =
IP3 gms

(3.42)

where gm is the transconductance; gms is the third-order derivative of the drain current
versus gate bias, and Viirs is the extrapolated input voltage amplitude at which the
first and third-order amplitudes are equal. The capacitances Cgyg, Cpar, Cgso and Cgdo are
the intrinsic input capacitance, the parasitic gate-bulk capacitance, the gate-source
capacitance and the date-drain overlap capacitance. Rg is the gate resistance and Ri is
the real part of the input impgdance due tonenguasistatic effects. Rs and gqs are the
source series resistance and-output conductance:.

Fig. 3.19 presents NFmin versﬁs draincurrents under varying frequencies,
simulated for 0.18um. N-MOSFEF. Herein, TSMC 0.18 um mixed signal and RF

CMOS model was employed for.this simulation.

ffeq=5.500G Hz

0.6
0.4 > o2 freq=2.400G Hz
0.2 — A*M/‘_#"e“l 000G Hz

0.0
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IDS.i

Fig. 3.21 0.18um N-MOSFET NFmin, versus drain current under varying
frequencies
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3.5 NoiseAnalysisfor RFActive Mixers

Basically, the noises appearing in the electronic devices can be classified as
therma noise, shot noise, flicker noise, and generation-recombination noise. For
CMOS devices and circuits of our major focus, thermal noise and flicker noise are
two dominant noise sources. As for an active CMOS mixer, the noise sources involve
al transistors and resistors in this circuits, such as transconductance amplifier,
switching pairs, and load stage. In the following, we will concentrate our discussion

on thermal noise at high frequency and leave flicker noise as an uncovered topic.

3.5.1 Noise Analysis - Power Spectral Density (PSD) [14]

The noise characteristicé of mixers is quite-complicated, because of the features
of nonlinearity and the time-variance. -he eutput noise generated in amixer generally
exhibits a time-varying-characteristics. Furthermore, an active mixer working with a
periodic LO is in essense a nonlinear-periodic-system. The resulted response to an
input noise is actually atime-varying process with aperiod of LO signal time constant
(TLo=2n/wL0, ®Lo : LO signal frequency). As a result, the power spectral density
(PSD) of the noise is time-varying with a time constant of T o. Assume a small signa
equivalent circuit model incorporating mentioned noise sources and take into account
of correlated and uncorrelated terms, PSD of output noise can be derived as follows
for single balanced and double balanced mixers, respectively.

[1] Transconductance stage noise
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Single balanced mixer
M1 M2 : switching pair
M3 : transconductance stage

S,:(®) =S;;(@)+S, ()
K wp32 ' wp32 Wy3 -1| Do
=4KTQ, 397 — |+ OmsRscs +7 1——2 — |[tan| —= (3.43)
W3 W5 216 @y3

0, . the transconductance of M3

where

y : channel thermal noise factor

R :&+RS

sG3
3

R _ .
?G . distributed gate resistance
R; : input source resistance

W,3: @3 - POle and zero of S (@),

ng.2'nd

o, - LO signal frequency

then the PSD of time-average process is given by

S (@,t) = Z | P1, I°Shs(@ —Nayp)

n=-o

< S, :(®) (o 2
=5,,@) 3 I, h%jo | py(0)] ct (3.44)
define
= 1 TLO 2
By = 2 1P [ = [ “Ipu(0)] dt (3.45)
n=-c Lo

For a double balanced mixer, e.g. Gilbert cell mixer
M1 M2 : switching pair
M3, M4 : switching pair

M5, M6 : transconductance stage
Spes(at) = E 1Shs6 (@) (3.46)

[2] Switching pair noise
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Single balance mixer

o 2 2
SOty = akT y| B || Qo2 | N[ 120 1o o fy @ | Doz Jgnaf Ao || (3 47)
Vg @,15 Vg Wy 216 @p1p

double balance mixer : assume symmetric for two pairs of switches

Shio(@,1) + Sigy(@,1) = 2XSp, (1) (3.48)

where

lss : tail current through transconductance amplifier
through M3 for a single balance mixer
through M5, M6 for a double balance mixer

[3] LO port noise

SP o (@) = 4KT (RLO + 2RGl) 232" (3.49)
" V,V,

0°s
where
R, : equivalent noise resistance

R;, : physical poly gate resistance

3.5.2 Noise Analysis — Noise Figure|14]

Based on the PSD of<al-noise sources, such as transconductance amplifier,
switching pairs, and LO port, derived in 3.5.1, noise figure can be calculated. In the
following expressions, single side band (SSB) noise were derived for single balanced
and double balanced mixers, as given by (3.50) and (3.51), respectively. Regarding
the double side band (DSB) noise, it is hot considered in this study due to the fact that

the image signal generally does not carry useful information in RF mixers.

Su(@.0) +Sh (@) + Sho (@) + KT

Single-Balanced) (3.50
o 4KTRS( g ) (3.50)

NFgg =
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Sha(@0+2- 5% (0,0 +2 SLo (@) + KT
ge "4KTR,

NF = (Double-Balanced

(3.52)

These equations represent a new analytical model for high-frequency noise in
RF CMOS active mixers. Equations (3.50) and (3.51) indicate that the noise is
generated by the parasitic and load resistances (Rs and R, ) and transconductance.
3.5.3 Noise Analysis— Mixer Noise Optimization [15]

Applying Egs. (3.38) or.(3.39) to the L© stage (current commutating stage), if
the amplitude of the Via:signal is increased but the, gate over-drive (Vgs-Vin) IS
decreased, the gain of the mixer will be reduced, and vice,versa. Based on Eq. (3.52)
[15] , the relation between the LO~“signal and the neise figure of the mixer is
considered. Increasing LO"signal can improve the noise figure of the mixer. This
phenomenon is consistent with our simulation and measurement results. However, the
large LO signal exhibits stronger interference and worse LO-pulling problem in the
integration system.

As mentioned above, the larger LO signal can reduce the noise of the mixer. The
designer can increase the bias for the transconductance stage to improve linearity or
conversion gain. However, the increase of conversion gain sometimes leads to larger

noises contributed from the LO switching stage and output load resistance.
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V2 —gkTR 14 p ol Rl (352)
' 7N|_0 2(Vgs _Vth)
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Chapter 4.

Chip Circuit Design and Simulation

TSMC 0.18um CMOS mixed signal and RF (MS/RF) models [15] was
employed for this CMOS mixer circuit smulation and design. This RF CMOS model
includes passive elements such as resistors, inductors, capacitors, and RF MOSFETs
as the major active devices. Also, on-chip circuit layout will be introduced.

4.1 Models

In mixed signal ;,and RF circuit design, -an accurate and scalable model is
strongly demanded to.assure circuit: simulation accuracy and facilitate success of
circuit design. For active devices, the intrinsic MOSFET model suitable for logic
circuit simulation is no longer valid for ‘RF “circuit design. Parasitic and coupling
effects from interconnection, substrate, and pads should be considered and taken into
the model. As for passive devices, such as inductors, capacitors, and resistors,
substrate lossy and conductor loss become important effects required for accurate
modeling. To solve the mentioned problems at high frequencies, lumped element
equivalent circuit models are more practical than numerical due to the computation

efficiency for circuit simulation.
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4.1.1 RFMOS M odel

TSMC 0.18um 1P6M CMOS MS/RF process can support 1.8V/3.3V circuit

design. Multiple finger MOSFETSs with various gate lengths and finger widths are

available for circuit design. For 1.8V core operation, the gate lengths range from 0.18

um to 0.5 um and the gate widths are in the scale of 1.5 um to 8 um. The biases

applied to the gate and drain for 1.8/3.3V devices are summarized in Table 4.1. In this

work for low power mixer design1:8V core,\/P MOSFETSs are adopted to achieve

low voltage and low power operation:"Fig 4.1 shows the equivalent circuit model of

the RF NMOS transistors.

Table4.1 Bias Conditions of RF MOSFETs

Bias Condition ||V gs| [\Vds| |Vbs|
Device
1.8V RFNMOS |0.5~1.8V ]0.6~1.8V |0~1.8V
1.8V RF PMOS |0.5~1.8V 0.6~1.8V |0~1.8V
3.3V RFNMOS [0.8~3.3v ]0.8~3.3V |0~3.3V
3.3V RFPMOS I0.8~3.3V I0.8~3.3V IO~3.3V
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Disb_g

Rs
s
Fig. 4.1 Equivalentcir cuit model..f.q'r I.?\’.F-M OStr;ansji,stor.
where |

a. Rsb, Rdb and- Rb are tht.e.lsubstrate resistance.

b. Csb, Cdband Cb arethé substrate'capaci tance.

c. Rgisthe effective gate resistance.

d. Djdb f, Djdb g, Djsb f and Djsb g are the externa drain to bulk
junction diode.

e. Rd and Rs are the parasitic resistance of metal routing connected to the
drain/source of the MOS transistors.

f. Cgsm, Cgd m and Cds m parasitic capacitance from metal routing

connection to the gate/drain/source of the MOS transistors.
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4.1.2 Spiral Inductor M od€

A rectangular spiral inductor employs a thick AICu metal with a physical thickness at
2.0 um. The spira inductor is modeled as a two-port S-parameter to fit equivalent
circuit model. The symmetric octagonal spiral equivalent circuit is introduced, and
fabricated on top of a P-substrate in a metal-5 (bottom) and a metal-6 (top) layer, as
shown in Fig. 4.2. The lump RLC equivalent circuit is adopted to model the

rectangular spiral inductor, shown in Fig. 4.3.

S N : turn number
—» *— (N:15)
r'lh'l'.il-l'l
Bottom

Meial-5
under path

Fig. 4.2 Top view and physical dimension of rectangular spiral

inductor.
o
Top O 1 O Bottom
{:“ xl L.b.. H.‘-i oxl
subl R b1 (:ﬂ..lg.zl R 2

Fig. 4.3 Equivalent circuit of rectangular spiral inductor.
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Parameters

Ls - Inductance

Rs: : Metal seriesresistance.

Cs. : Overlap (of OR in) capacitances of spiral and center tap
underpass.

Cox (1and2) : Oxide capacitance between the spiral and substrate.
Rsub(1and2) : Silicon substrate resistance.
Csub ((1and 2) « :Silfcon substrate capagitance.
4.1.3 MIM Capacitor Model
Figure 4.4 preser_\.ts the layout of the MIM' capacitor. ;structure. The square MIM

(metal-insulator-metal) capacitor.ismodeled-asatwo-port S-parameter fit.

L re CTM

. E— :
e [RTT ]
m g R |
'\ Haitim

CEM

Fig. 4.4 (a) MIM capacitor layout.

Rs I.s Cmim

Top lTo Bottom
L

L D

Rsulb Csub
Fig.44(b) Equi valent <circuit for
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4.2 Simulation Results of Down-Conversion Mixer

Figure 3.6 displays the proposed low-voltage CMOS Gilbert mixer. Multiple
gates are applied to increase the linearity of the mixer. Table 3.1 shows the simulation
results. Following Chapter 3, the output load parallel capacitor can increase linearity.
The simulation will show to compare the IF output to parallel with/without capacitor
in terms of output linearity. Beyond the above simulation results, the simulation
includes non-package circuit chip simulation. The results based on the QFN package
model will be presented later. In this ssmulation, biases of 0.7V and 1.0V are applied,
and both results are presented.

4.2.1 Improved: Linearity “‘using Parallel RC Networks

Capacitor at'lF Stage

The simulation revealed an interesting result that the adoption of parallel RC
network at the output of IF stage can effectively improve the linearity [17]. To explain
this effect, filtering of high-oder harmonics through the RC network is proposed as
the possible primary mechanism. The minimum capacitance required to make the
effective filtering is around 8 pF for this mixer. Therefore, multiple stage RC
networks were implemented at the output of IF stage. Table 4.2 summarizes the
simulation results and reveals better linearity in terms of higher P-1dB and I1P3 for IF

with RC networks than that with ssimple resistor network. Fig. 4.5(a) and (b) present
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the ssimulated conversion gain and P-1dB for mixers with and without capacitors at

the output of IF stage. The simulation results prove the improved linearity realized by

adoption of capacitors and the resulted parallel RC networks. Again, the improved

linearity was demonstrated by increased 11P3 as shown in Fig. 4.5 (d) with RC

networks in comparison with Fig. 4.5(c) with resistor network. Fig. 4.5(e) indicates

the filtering effect on high order harmonics by parallel RC networks incorporating

capacitors.

Table 4.2 Compared | F stagewith capacitor and without capacitor by simulation

wer supply veltage LV (TT, 25°C) 1V (TT, 25°C)
Simulation Item IF with RC networks |F with resistor networks
IPower consumption <3mW (2.81mW) <3mW (2.81mW)
IConversion Gain 20:908 dB 20.833 dB
IP-1dB  (10MHz) 6.188 dBm 4.373 dBm
liP3 12,2 dBm -0.8dBm
ISingIe Side Band Noise |27:82dB 27.029 dB
IDoubIe Side Band Noise |21.52 dB 20.508 dB

RF freq=5500MHz, LO freq=5499MHZ
LO=2.5 dBm, IIP3 RFin =5.5 GHz
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Fig. 45 (a) Conversion gain and P-1dB for IF stage with resistor networks

(without capacitor).
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Fig. 4.5 (b) Conversion gain‘and P-1dB for |F stage with RC networks
(with capacitors).
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Fig. 4.5 (c) Conversion gain and |1 P3 for | F stage with resistor networks (without

capacitor).
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Fig. 4.5 (d) Conversion gain and II1P3 for IF stage with RC networks (with

capacitors).
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Fig. 4.5 (e) Filering effect on high frequency harmonic by adopting parallel RC
networksto improve linearity
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4.2.2 Relationship Between L O Signal for Linearity and
Noise Figure
The noise analysis of the mixer is considerably more complex. The third-order

inter-modul ation intercept of asignal mixer is given by, [17]

2
Vips = 4- \/; ) (Vgs ~Vin )RFIn (4.1)

Equations (3.39), (3.45) and (4.1) demonstrate that the sine wave of the LO
switches of gate driven voltage magnitude and input transconductance stage donates
the noise quantity. This is afundamental trade —off @among linearity, conversion gain

and noise in the active mixers.

Degspite the fact that the large LO signal_over-driver can enhance the linearity
and the noise figure. However; the LO signad must maintain a moderate swing

magnitude when the LO MOS is operated in the saturation region.

Table 4.3 and Fig. 4.6 presents the relation between the LO signal magnitude

and the noise figure, the linearity and the conversion gain.
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Table 4.3 Compared linearity and noise figure for L O signal magnitude

Power supply
voltage

Simulation ltem

1V (TT, 25°C, LO=2.5
dBm)

1V (TT, 25°C, LO=10
dBm)

Power consumption

<3mW (2.81mW)

<3mW (2.81mW)

Noise

[Conversion Gain 20.908 dB 10.325dB
P-1dB (10MHz) 6.188 dBm 5.644 dBm
IP3 12.2 dBm 17.60 dBm
Single Side Band Noise |27.82 dB 20.814 dB
Double Side Band 21.52 dB 15.520 dB

RF freq=5500MHz, LO freq=5499MHZ

LO=2.5 dBm, IIP3 RFin =5.51GHz
m 3
noisefreq=10.00MHZz
ma= 814
. Fower HEF=0.000000
5]
20 |
=0 I m <
G 18— noisefreq=10.00MIz
= - mad=715.520
M4 |Power FF=0/000000
T T ' T ' l l
10 12 14 16 12 20
noisefreq, MHz
m Riwer RF=18.000
Fower_RF=11.000 OLHIEl o e,
m1=10316 m2=7.020
15 20 _..---':-'-1’?%
FrTt ] L
o ¥ D—_/
_m_
£ 5o a i
; me "U—_
E 0 %EI ]
o 5 ]
=10 -1m 4
S T T T I TTTTTTTT T Sl T L T T T L
- -1 =1 -10 o 10 a -4 - -0 -10 o 10 a
Fowmer_RF Fower_RF

Fig. 4.6 (a) LO=10dBm (e.g. 0.71V) noise figure, conversion gain and 11P3 plot
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Fig. 4.6 (b) LO=2.5 dBm(0:31V) noisefigure, conversion gain and |1 P3 plot
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4.2.3 On-Chip Circuit Smulation Results

(a) Smulation of 1V on-chip at 25°C

The simulation results below are based on the TSMC model instead of the

off-chip circuit component, as shown in Figs 4.7 and 4.8. Tables 4.4 and 4.5 present

the on-chip corner model simulation results for the mixer biased at 1.0V at 25°C and

75°C. They include conversion gain, noise figure, gain compression and 11P3.

Table 4.4 Corner model simulation resultsin.biasing 1.0V and 25°C

ower supply-voltage 1V 5842563€ 1V, TT, 25°C 1V, FF, 25°C

Simulation Item

IPower consumption 2.067 mW 2.81 mW 3.8 mwW
IConversion Gain 18.857 dB 20.908 dB 18.003 dB
IP-1dB  (10MHz) 6.58 dBm 6.188 dBm 5.127 dBm
IIIP3 9.5dBm 12.2 dBm 8.4 dBm
ISingIe Side Band Noise 26.766 dB 27.82 dB 26.474 dB
IDouble Side Band Noise  |20.586dB 2152 dB 20.828 dB

RF freq=5500MHz, LO freq=5499MHZ
LO=2.5 dBm, IIP3 RFin =5.5 GHz
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Fig. 4.7 (c) 25°C@1.0V SS of corner model ssimulation plotsfor noise figure for

SSB and DSB

(b) 1V on chip 75°C smulation

Table 4.5 Corner model simulation resultsin biasing 1.0V and 75 °C

ower supply voltage 1V, SS, 75°C |1V, TT, 75°C 1V, FF, 75°C
Simulation Item
IPower consumption 3.168 mwW 4.23 mW 5.68 mwW
IConversion Gain 20.238 dB 24.267 dB 19.248 dB
IP-1d8 (10MH2z) 5.647 dBm 4.161 dBm 4.177 dBm
lIP3 8.2dBm 8.2 dBm 8.10dBm
Single Side Band Noise 26.978 dB 26.549 dB 26.899 dB
|[Pouble Side Band Noise 20.923 dB 20.210dB 21.589 dB
RF freq=5500MHz, LO freq=5499MHZ

LO=2.5 dBm, IIP3 RFin =5.5 GHz
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Fig. 4.8 (c) 75°C@1.0V SS of corner model simulation plotsfor noise figure for

SSB and DSB
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4.2.4 On-board Circuit Simulation Results - QFN Package

(a) Smulation of 1V on QFN chip at 25°C

In this simulation, the SPIL QFN package model is employed. The TSMC

model rather than the off-chip component model is used. Figures 4.9 and 4.10 and

Tables 4.6 and 4.7 present results of the ssmulation of the package on QFN using the

corner model for the mixer biased a& 1.0V at 25°C and 75°C . They include

conversion gain, noise figure, gain compression and 11P3.

Table 4.6 Corner model simulation results on QFEN'chip in biasing 1.0V and 25 °C

LanyGan

ml1=15753

F1_dh

:

ul
IIII|III\|IIII|IIII

3

]

ower supply voltage 1V, SS,25°C |1V, TT, 25°C |1V, FF, 25°C
Simulation Item
Power consumption 2.031 mW 2.744 mW 3.7124 mW
[Conversion Gain 18.753.dB 24.291 dB 19.857 dB
P-1dB (10MHz) 7.467 dBm 5.798 dBm 4.891 dBm
IP3 15.5dBm 10dBm 8.2dBm
Single Side Band Noise 26.652 dB 27.250 dB 29.035dB
Double Side Band Noise 19.501 dB 20.696 dB 21.888 dB
RF freq=5500MHz, LO freq=5499MHZ
LO=2.5 dBm, IIP3 RFin =5.5 GHz

g-lc;lw-er RF=24.000 QDQWEF FE=10.000d

ml2=r JI57

L

o

T
=20 -0

o
g

Fower RF

Fig. 4.9 (a) 25°C@1.0V SSof corner model simulation plotsfor conversion gain

and P-1dB
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(@ Simulation at 1V on QFN chip at 75°C

Table 4.7 Corner model simulation resultson QFN chip in biasing 1.0V and 75 °C

ower supply voltage | 1V, SS, 75°C |1V, TT, 75°C 1V, FF, 75°C
Simulation Item
IPower consumption 3.148 mW 4.19 mW 5.601 mwW
Iconversion Gain 19855d8  [|27.971dB 21.681
IP-ldB (10MHz) 4.786 dBm 3.971dBm 4.061 dB
IIIP3 10.2dBm 6.6 dBm 6.4 dBm
ISingIe Side Band Noise 25.386 dB 26.643 dB 28.106 dB
IDouble Side Band Noise ~ [29506d8  [20.281dB 21.256 dB

RF freq=5500MHz, LO freq=5499MHZ
LO=2.5 dBm, IIP3 RFin =5,5:GHz
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Fig. 4.10 (a) 75°C@1.0V SS of corner model simulation plotsfor conversion gain

and P-1dB
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Fig. 410 (b) 75°C SS of corner model simulation plots on QFN chip for

conversion gain and 11P3
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Fig. 4.10 (c) 75°C@1.0V SS of corner model simulation plotsfor noise figure for
SSB and DSB

4.3 Chip Circuit Layout

Implementing analog:and RF circuitsisvery difficult. Since the analog and RF
of the layout will determine the analog and:RF circuit performance. Even when all
model parameters of the design.arethe same, changing he layout can totally change
the performance of the cifcuit:. Therefore, the ci rcuitllayout IS an important topic,
especially when the desired frequency Is high.

Figure 4.11 shows a circuit layout with symmetric differential pair architecture.
The symmetric layout and differential circuit architecture can improve the circuit and
help overcome parasitic mismatch. Perpendicular turns of the medal must be avoided:

for example, the in Fig. 4.12(b) is better than that in Fig. 4.12(a).
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Fig. 4.11. On-wafer chip layout of mixer for symmetric layout

U

Fig. 4.12 Turning in layout of perpendicular

(@
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Chapter 5.

M easur ement

The circuit must be designed to support measurement. For RF measurement,
suitable instruments and testing are very important. The following section presents the

mixer measurement results in the bel ow.

Fig. 5.1 Off-chip circuit and I F test board
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5.1.1 Measurement Configuration

Three signal generators from 250kHz to 40 GHz are required for two-tone
testing (11P3). An Agilent E8257D ESG is employedto support signal generation. The
Agilent 8563E spectrum analyzer or Agilent Infinium oscilloscope is utilized to detect
the IF output signal. The power combiner is the 2way-0° from Mini-Circuits.
OPA-695 is applied for single-end output signal measurement from IF signal output.
The IF output uses a high impedance to produce reasonable voltage gain. However,
the standard impedance of ithe spectrumianalysis is 50 Q2, which does not statisfy the
high impedance requirement. Two methods exist to solve this problem; (a) active
probe (Agilent 85024A AT Probe).«(h) oscilloscope impedance set to IMQ. Figure 5.2

shows the setup for #down-conversion mixer® performance measurement.

ﬁu 88
=i, [T
E8257 I ——  im»s
POWGI’I :-~~~ Son @
combifn BALUMRE DU LI RooA I T ==
= - L(On Boar i (rQny i Ghyi u:-f—‘;g"f) =go oooo
oo
,.-}-T;_rguunuun — L 12 ) .
7 Buoooog EI (On Board Circgiptgctrum Analyzer
Es2s7p o 0H I-' (Agilent 8563E)
or
BALUk Oscilloscope
EOn Boar,d Circuit) (Agilent Ilnfinium

T
S ()

=3
™~ spuoonog

Fig. 5.2 Down-conversion mixer measurement setup diagram
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5.1.2 Noise M easurement

Figure 5.3 displays the noise figure measurement setup. The noise figure is
measured using the Agilent N8975A Noise Figure Analyzer with a noise source. The
RF port is connected to the noise source, whose frequency is set to that of the mixer
output signal to be measured, while ESG E8257D provides an LO signal to execute

down-conversion..

—{Noise I-S'L?Ejnm;gar J i(rQ?‘uLiJQ-Ir:)i Q+eoyet

Board Circuit)

l.(On Boar,d Circuit)

.

B O
e e
r‘.l u 0O ooog
DI:II] ooonO

Fig. 5.3 Noise M easurement Setup
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in RF measured laboratory

5.2 M easurement Results

This section presents the measurement results, including conversion gain,
linearity of P-1dB, 11P3, power consumption and noise figure.
5.2.1 Conversion Gain Measurement

Figure 5.5 presents measured gain vs. input power. The measured result decays
to around 13 dB. This root cause is PCB, and on board SMD components

characteristic not match simulation parameters, such as LC tanks, Baun circuit.
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Figure 5.6 plots the conversion gain performance vs. radio frequency.

the conversion gain v.s radio frequency sweeping.

Conversion Gain
12 1 1 1 T T 1 1 1

Gain (dB)
o

1 1 | | | |
40 -35  -30 -25 20 <15 10 -5 0 5 10
RF Power (dBm

Fig. 5.5 Measured gain v.s RF Power input (RF=5.501 GHz, LO=5.500 GHz@ LO=2.5
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Linearity of F,dB

Conversion-Gain
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Fig. 5.6 Measured gainw.s RF inputfrequency (RF=0dBm, LO=2.5 dBm, IF output is
constant 1MHz)

5.2.2 P-1dB/11 P3 M easur ement

P-1dB is said 1-tone tested too. The authors' laboratory has no AT probe with a

spectrum analyzer. Since the simulated |IF output is measured with a resistance of

IMQ , the spectrum analyzer impedance is 50Q2. Therefore, the oscillator is employed

to measure the conversion gain and P-1dB and I1P3, when the impedance is set to

IMQ. To measure I1P3, the oscillator function FFT is adopted to obtained the output

signal spectrum. Figure 5.7 plots the measured IF output magnitude. Figure 5.8 plots

the measured P-1dB. The linearity of P-1dB is approximately 2.5 dBm.
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The 1IP3 is said that 2-tone tested too. Figure 5.9 shows the two-tone tested
spectrum from the oscillator, and the RF spectrum. Figure 5.10 shows the linearity of

[1P3, as displayed to Fig. 5.10. The linearity of I1P3 is approximately1l dBm.

|
[
1
1
N
0
n
o

Fig. 5.7 Measured | F output magnitude
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Linearity of P, dB
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Fig. 5.8 Measured P-1dB linearity curve.
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Fig. 5.9 (b) Agilent spectrum analyzer measured 2-tone test result.
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Fig. 5.10 M easured || P3dinearity curve by 2-tone test.

5.2.3 Noise Figure Measurement

The simulation and measurement of the naise figure of RF mixer circuit is very
difficult. First, since the magnitude of the noise figure of the mixer is afunction of the
LO signa magnitude, this magnitude is the inverse of the output noise figure
magnitude. Hence, the obtaining an accurate noise figure is very difficult. Second, the
noise figure analyzer provides only a single-ended measurement solution. Third, the
NFA provides a loading impedance of 50 Q instead of high impedance, with
inconsistence trouble. The limited frequency range of NFA is 10M~26.5GHz. Figure

5.10 presents the mixer noise figure obtained using NFA.
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Fig. 5.11 Measured noisefigure hy.NFA.

5.3 Summary

Table 5.1 presents the measurement results.

Table 5.1 Comparison between simulation and measurement results

Item Simulation Result Measurement

Power Consumption 8.1 mW 9.5 mW

Conversion Gain 8.16 dB, RF_in@ 0dBm | 7.56 dB @ 0dBm
25.088 dB. RF in@ 9.40 dB @ -20

P1dB (1MHz) 5.6 dBm 2.5 dBm

[IP3 0.5 dBm 11 dBm

Single Side Band 26.55 dB 29.624 dB

RF_In =5.501 GHz,

LO_In=5.5 GHz @2.5 dBm.
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Chapter 6.

Conclusion and Future Work

6.1 Conclusion

A 55 GHz receiver front-end mixer for IEEE WLNA 802.11a has been
fabricated by 0.18 um RF CMOS technology. The measured performance of the mixer
demonstrated a gain of 7.56 dB; I1P3 at 11 dBm, and the noise figure at 29.624 dB.
The simulation can predictithat the parallel RC circuits applied in the IF output can
improve mixer linearity in terms.of 1IP3 and P-1dB. - Thiscircuit can be working from
5GHz 10 6.8 GHz.

The deviation suffered by the measurement compare with simulation such as
lower conversion gain and higher noisefigure is caused by the process shift, off-chip
component mismatch and the model weaknessin term of QFN package inductor and

resistor equivalent circuit.

6.2 Future Work

The maor challenge remained with this work is the deviation between
simulation and chip measurement result. It is because that simulation accuracy is

acceptable for on chip Balun and LC tank design; however, there is no qualified
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simulation tool for Balun and L C tank design on PCB by the method SMD. One more
problem is that the resistance due to process deviation will cause shift in power
consumption.

The PCB layout can be improved by considering the characteristic wavelength
of microstrip line. Regarding Balun circuits design, the replacement of conventiona
design using passive components by active components [19], [20] can improve this
circuit performance, and reduce the size of the on-wafer chip circuit layout .

In Taiwan, there are many IC design houses.with strong capability in digital
circuit design. Thereforg, base-band circuit is generally not a big problem for most of
design houses. However, competitiveness in the wireless market depends on the single
chip integration with base-band, ;\VCO,=PA=LNA, mixer and a filter. The end
customers want a total solution‘from, design house in terms of a complete design flow
covering from system spec definition through chip design and then to total

integration.
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