
Chapter 7

Conclusions

The disseration has presented the systematic design of a direct conversion CMOS

radio receiver for wireless LAN applications. The techniques presented in earlier

chapters have enabled the implementation of a 2.4-GHz low-power CMOS direct

conversion receiver in a 0.25-µm technology. To conclude, we briefly summarize the

key contributions presented in previous chapters.

7.1 Summary

The specifications of the WLAN standards have been described in Chapter 2.

The requirements have been mapped into receiver parameters such as noise figure

and linearity requirements to give brief sketch of the receiver performance. The

requirements for a dual-band receiver for WLAN and the link budget has been

analyzed.

Chapter 3 has presented a dual-band switchable low noise amplifier (LNA)

implemented in 0.25-µm CMOS technology for 5-GHz wireless multimedia

applications. With a PMOS varactor together with the inductor as a dual-band

switchable load, the LNA can be operated at the lower band or the upper band at

5-GHz by 1-bit control signal at the PMOS gate. The dual-band switchable load
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7.2. Recommendations for Future Work

enables the LNA operate at the lower or the upper band at 5-GHz band by a 1-bit

control signal. The LNA exhibits over 17 dB power gain, 3.5 dB noise figure and

input 1-dB compression point −23 dBm in both frequency bands. It draws 9.5 mA

from 2.5 V supply. The power gain remains larger than 16 dB as temperature varies

from −5 to 65◦C.

A current-folded mixer topology, which uses a capacitor to separate the bias

current of input stage and switching stage and employs an inductor to replace tail

current source of the switching pair has been presented in Chapter 4. The mixer

decouples the noise and linearity design tradeoff and exhibits higher conversion gain,

higher linearity and lower noise figure than conventional current-reused injection

topology.

For the RF/baseband co-verification, Chapter 5 has presented the necessity of

RF/baseband co-simulation and the co-verification platform. The case study of a

2.4-GHz RF receiver front-end has been presented in Chapter 6 to demonstrate the

feasibility of the RF/baseband co-verification design methodology.

7.2 Recommendations for Future Work

The current-folded mixer employs a spiral inductor which expands the circuit area.

The optimization of spiral inductors could helps to reduce the area. In addition, the

1/f noise modeling of MOS devices is critical to the mixer design and the modeling

should be improved. Moreover, RF/baseband co-verification provides reasonable

prediction of the system performance but the computing time increases as the system

complexity increases, which should be improved in order to reduce the co-verification

cycle.
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Appendix A

EVM and SNR

Figure A.1 depicts the concept of error vectors. The transmitted signal and received

signal are regarded as vectors, s and r. The error vector between the received and

transmitted vectors is e. The received signal is related to the error vector as follows,

r = s + e. (A.1)

representing the desired signal plus the error. If the error is caused by noise, then

we can take the error vector as a noise vector. The received vector can be expressed

by

|r| =
√

x2 + y2 (A.2)

where x = |s|+ |e| cos φ, and y = |e| sin φ.

EVM is the normalized error vector magnitude,

EV M =
|e|
|s| . (A.3)

The signal to noise ratio (SNR) is the relative retio of the signal level and the noise

level, i.e.

SNR =
|s|2
|e|2 . (A.4)
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Figure A.1: Error vector.

Hence SNR is related to EVM as

SNR =
1

EV M2
. (A.5)

Note that noise is random and not deterministic and the representations of noise

n(t) and error vectors e(t) are required to express in their average forms. That is,

take the time average values of the squared noise or error vector for a long period

T as the mean-square power, or

< n2(t) >= lim
T→∞

1

T

∫ T/2

−T/2

n2(t)dt. (A.6)

Typically, most of the random phenomena in RF systems can be considered

stationary and the statistical properties of noise or errors are invariant to a time

shift. Therefore, EVM and SNR equations are also required to express in the time

average forms.
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Appendix B

An Implementation of 2.4-GHz

Low Noise Amplifier

A 2.4-GHz low-noise amplifier was implemented in 0.25 µm CMOS to verify the

performance of RF device cell library developed in our lab. The schematic is depicted

in Figure B.1. The design equations of noise figure and power gain can be analyzed

and each devices in the schematic can be determined.

F = 1 +
Rl

Rs

+
RG

Rs

+
γ

α

1

Rs

1

gm

1

Q2
in

(B.1)

Av = −gmQin

Gtot

Abuf (B.2)

where Qin is the quality factor of the input matching resonator. These design

equations must take into account the parasitic effects of the RF device cells such as

gate resistance RG of MOSFET and series resistance of spiral inductors, Rl. The

Gtot is the total conductance of the drain node of M2; in order to increase the voltage

gain, the Gtot should be minimized or equivalently increase QL1 of the spiral inductor

L1 since

1

Gtot

=
(
1 + Q2

L1

)
RL1, (B.3)
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Figure B.1: 2.4-GHz low noise amplifier schematic.

where RL1 is the series parasitic resistance of inductor L1. Both the noise figure and

power gain are affected by the quality factors of inductors.

Assuming the spiral inductors are modeled by a parasitic R in series with a

inductance L, the quality of the spiral inductor can be expressed as

Q =
2πfL

R
(B.4)

R ∈ Constant ⇒ Q ∝ f (B.5)

R ∝ f ⇒ Q ∈ Constant (B.6)

R ∝
√

f ⇒ Q ∝
√

f (B.7)

The Q of the spiral inductor cells in the cell library can be estimated via the above

equations. Design the circuits with these Q-estimated inductor models to meet the

design specifications, one must add additional design margin over the original design

specification. The design margin is reserved for compensating the performance

degradation caused by the over estimation of the Q factors when replacing the real

spiral cells. For low noise amplifier design, the additional power gain design margin

is given by

M = −10 log

(
1 + Q2

cell

1 + Q2
estimated

)
(B.8)
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Figure B.2: Simulation results: (a) power gain (b) noise figure; compared Q
estimation of 5 to10 with RF spiral cells.

where Qcell is the weighted mean quality factor of the spiral inductors in the RF

cell library and Qestimated is the estimation for the spiral inductors in the circuits.

For example, designing a 20-dB LNA with the estimated Q of 10 for the spiral cell

Q ranges from 4 to 7, the design margin should be 5∼6 dB higher. Figure B.2

compares the power gain and noise figure simulation results for the LNA designed

with Q-estimated inductors and that with RF spiral cell library replaced.

The photograph of the low noise amplifier is shown in Figure B.3. The

measurement is performed by on-wafer probing. The measured noise figure and

power gain results are shown in Figure B.4. The LNA exhibits 20 dB power gain

and 2.6 dB noise figure.
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Figure B.3: 2.4-GHz low noise amplifier photograph.

Figure B.4: The measured noise figure and power gain of the LNA.
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