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Abstract—This is the final project of ECE215C (Analysis and
Design of RF Circuits and System) about designing a 5.2GHz
direct-conversion CMOS receiver with requirements of Noise
Figure, IIP3, Input Resistance, Output Resistance, Phase noise,
and Receiver Gain. This report clearly states how each block,
including Low Noise Amplifier (LNA), Mixer, Local Oscillator
(LO), and Divide-by-2 Circuits, is designed step by step from the
topology structure variable choice and also includes the
simulation result with the plot.
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I. INTRODUCTION

This report describes the design steps, variable
analysis, and simulation results of a 5.2GHz direct-
conversion CMOS receiver consists four main
blocks, including LNA, Mixer, LO, and Divide-by-
2 circuits (we have one more stage so totally of 5
blocks), as shown in figure 1. The final receiver
achieves a 3.5dB noise figure, -10dBm IIP3, and
30dB receiver gain with 50Q input resistance and
1000€2 output resistance.
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Fig. 1. Circuit Block Diagram of the Receiver

II. Low NOISE AMPLIFIER DESIGN

A. Design ldea Procedure

For the LNA design, we used common-source
(CS) cascode topology with inductive degeneration
and folded PMOS IMD sinker. The CS stage is
chosen since the noise figure is better than the
common-gate (CG), and we use cascode for better
reverse isolation and gain boosting. The inductive
degeneration provides higher linearity and output
resistance. However, the drawback of CS cascode
stems from its bad IIP3 and we applied a folded
PMOS IMD sinker based on the work in [1] to
enhance its linearity. Meanwhile, we introduced a
capacitor between the gate and source of the input
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stage to decouple the input resonant circuit Q and
Cgs, improving the noise figure. The circuit
schematic is shown in figure 2.
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Fig. 2. LNA Circuit Schematic in Cadence

B. Design Variable Analysis

The DC biasing was chosen for the optimal
MOSFET performance. For a single CS stage with
width W1 = 30u, we plotted gm, NF, and gain with
respect to the gate voltage, as shown in figure 3.
We wish to achieve the maximum possible gm
while avoiding velocity saturation. From the
waveform, we observed an optimal biasing point
for width W1 = 30um with gate voltage = 500mV.
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Fig. 3. Gm, NF, and Gain vs. Viye

The second issue is impedance matching.
According to the calculation, the input impedance
of the CS stage with inductive degeneration is

. . gmxlLs . _ 1
given by Zin = —— + jlw(Ls + Lg) wO*Cgs]’

Ccgs
as the source resistance Rs = 50 ohms, we need to




have gmeL—gss =50 and wOX (Ls+Lg) =

ﬁ X Cgs. Using the DC analysis, we found that

the Cgs under given bias voltage is 35 fF. Then we
started with Ls = 1nH and performed the S-
parameter simulation with the Smith chart, and
obtained the best matching network.

To improve the noise figure of LNA, we took
the approach mentioned in [2]. The basic idea is to
introduce another capacitor Cd in parallel with the
Cgs of the MOSFET. This capacitor can decouple
the input Q from Cgs, which allows for an
adjustable reduction of Q for any value of Cgs;
hence the gate current noise is also reduced. By
doing simulations, we verified that the NF
decreased by 0.5dB.

The most significant issue is to improve the
linearity since that of the CS stage is usually
troublesome. The work from [1] introduced an
intermodulation distortion (IMD) sinker between
the cascode stages for better linearity. The basic
idea is that an additional folded cascode PMOS
absorbs the 3rd harmonic intermodulation current
generated by the CS FET. The IMD sinker will lead
to a slightly lower gain and higher NF, but the
degradation is not severe. According to the
simulations, the IIP3 of the LNA raised from -
13dBm to -1dBm but the IMD sinker.

We finalized our LNA design with the variable
shown in Table I.

TABLE 1. VARIABLES OF LNA DESIGN

L L L Cocie Conr Wi W2 Cos

5.9nH (Q=8) 10n(Q=30) L.InH (Q=15) 150fF 115fF 25u 35u 71fF

C. Simulation Result

1) Input Resistance

From the Smith Chart shown in figure 4, we
achieved that the input resistance = 50Q and the
input reactance = 0Q
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Fig. 4. Smith Chart for Input Resistance and Reactance

2) IIP; & Gain
We apply a two-tone test with a voltage
amplitude of 10mV at 5.2GHz and 5.21GHz.
From the figure 5, we can find that:
- IIP3=-30dBm + (-30 dB+ 88dB) /2 =
-1dBm (Satisfy our expectation)

- Gain = 10dB (not outstanding but
acceptable due to better IIP3 performance.
We will introduce a new block of
differential pair to improve the gain, which
will be reported in Part VI.)
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3) Noise Figure

We performed a pss and pnoise simulation for
the noise figure. From figure 6, we can find that the
NF of our designed LNA is 2.75dB, which satisfies
our expectation.
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Fig. 6. Noise Figure Value in pss and pnoise Simulation

III. MIXER DESIGN

A. Design Procedure

For the mixer design, we decided to use the
active single sideband mixer topologies and the
circuit schematic in figure 7 shown [3]. In this
structure, there are six variables — Rioad, CLoad, W1,
W23, and VBias, which we need to adjust to reach the
expected IIP3, conversion gain, and NF.



Current Source Helper

Fig. 7. Active Mixer Circuit Schematic in Cadence

B. Requirement Analysis and Expectation
For these four requirements:

. .2
- Conversion gain=—gm * Rj,44
A

- IIP3oc Vgs — VtH

2 (L+;)
- NF=1+ gm1l gmi2Rload
4KTRg

- Make all transistors work in the saturation
region: Vps > Vags — V1r

For our first expectation, we expected a mixer with:
- 5dB gain
- 5~ 8dB noise figure

- A-10dBm IIP3 where A represents the gain
of LNA from Friis Equation.

1 al1?
A%IP3,1 AZ%]P3,2

. . 1
- Frus Equation: ~
AIP32

C. Design Variable Analysis

First, we began with DC simulation with an
approximately bias voltage of 600mV. To have a
good mixer performance, the circuit needs to have
a relatively high W/L ratio, high bias current, and
high load resistance. Then we distributed the 1.2V
to each stage and tried to make them be like: load
resistor - 600mV, LO stage - 300mV, and RF stage
- 300mV. Then the W/L ratio was adjusted so that
for the LO stage, Vas is very close to Vru since
when the AC LO voltage is slightly higher than 0V,
the MOSFET is turned on and vice versa.
Meanwhile, the W/L of the RF stage was adjusted
so that the gm is high for the voltage conversion
gain and the overdrive voltage is not too high to
maintain the linearity. Lastly, we chose the load
resistor based on the equation of gain, which
increased from 100 ohms to enlarge the gain,

whereas a too-large resistor may result in a bad NF,
so we chose Rioad =450 Q.

During the design process, we added an
innovation point — current helper because of the
poor performance of gain (the load resistor is too
high to allow large current and hence a low gain)
and IIP3 (input transistor current is too low to meet
the requirement). Even if it increases the noise
figure, we still want it to our design due to the
flexibility of NF in our mixer. Figure 7 already
shows the version with the current helper.

Finally, after several attempts on those variables
and requirements, we finalized our value, as shown
in Table II.

TABLE II.

Tnias Riou Crow

'VARIABLES OF ACTIVE MIXER DESIGN

Helperss | Wo W, Was Wiame | LO-DC | LO-AC

300uA 4500 10pF 550mV 10um 35um 25um 6um 600mV 600mV

D. Simulation Result

1) DC Simulation

We performed DC analysis, and checked the
operating points of each device. We made sure that

each MOSFET was working in saturation.
2) Gain & IIP3

To test the approximate voltage conversion gain,
we use 10mV amplitude with two tones (5.22GHz
and 5.23GHz) to do both Gain and IIP; testing.
Since the LO we set provides a 5.2GHz signal, the
ideal two tones of the output should be 20MHz and
30MHz, and thus we looked at the difference
between 10MHz and 20MHz for IIP3 calculation.
We used transient simulation with 1us and send the
waveform to DFT and dB20 to see the gain. In the
below figure 8, we find the following value:

- Gain =-32.958dB — (-40dB) = 7dB

(Satisfies our expectation)
- IIP3=(-32.958 — (-83.064))/2 — 30dB =
-4.95dBm (Satisfies our expectation)
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Fig. 8. 1IP; and Gain Value in tran Simulation



3) Noise Figure

We performed a pss and pnoise simulation for
the NF. From figure 9, we found that the NF of our
designed mixer is 6.48dB, which satisfies our
expectations.
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Fig. 9. Noise Figure Value in pss and pnoise Simulation

IV. LoCcAL OSCILLATOR DESIGN

A. Design Idea Procedure

We design the oscillator based on the concept of
impulse sensitivity function (ISF) in Hajimiri’s
phase noise model [4]. The impulse sensitivity
function (ISF) describes the oscillator output phase
noise sensitivity to the injected noises into the tank
circuit in terms of time. A typical cross-coupled
oscillator has a significant phase noise since the tail
current is large during the time that ISF is at
maximum, which is the zero-crossing time of the
waveform. To reduce the waveform, the work in [5]
raised the point that if the tail current can be
reduced during the zero-crossing time (i.e., ISF is
large), the phase noise can be reduced.

The above tail-current shaping method
mentioned in [5] can reduce the phase noise to a
large extent. To do this, we applied a cascode
structure based on the classic cross-coupled
oscillator. The basic idea is that, during the
waveform zero-crossing, the lower two MOSFETs
are biased slightly above the threshold and thus
provide a large overdrive voltage. The Vds of the
current source are reduced, and so is the tail current.
On the other hand, when one output waveform
reaches the peak, one of the lower MOSFETs will
be fully turned on, and the Vds of the current
source is increased, together with the tail current.
The finalized LO circuit schematic is shown in
figure 10.
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Fig. 10. LO Circuits Schematic in Cadence.

B. Simulation Result & Variable Analysis

We performed a simulation to compare the
waveform and phase noise of the oscillator with
and without the cascode structure. From the phase
noise comparison shown in figure 11, we see that
the cascode structure can improve the oscillator's
phase noise by 10dBc/Hz at the offset frequency of
IMHz.
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Fig. 11. Phase Noise Comparison for cascode circuit and without cascode
circuit.



The waveform of voltage (left) and current
(right) can explain the function of tail-current
shaping. The red curves in the left and right plots
in figure 12 represent the current source Vds and
Id, respectively. We can observe that, at a zero-
crossing time (e.g., 2ns), the Vds of the current
source is reduced to 35mV, in comparison to its
maximum value, which is 154mV. Similarly, the
tail current is reduced from 8.4mA to 2mA at 2ns.
The tail-current shaping can guarantee that
minimum tail current is delivered when ISF is
maximum. The phase noise is therefore reduced.
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Fig. 12. The waveform of Voltage (Left) and Current (right)

The finalized variable values of the LO
circuit are shown in Table III.

TABLE III. VARIABLES OF LO CIRCUIT DESIGN
VBias IBias Q Rp Wi W2
350mV 4mA 8 800Q2 30um 10um
W3 W2, Croaa  Frequency Li Roc
20um 40um 13fF 10.4GHz 865pH S5kQ

V. DIVIDE-BY-TWO CIRCUIT DESIGN

A. Design Procedure and Variables Choocing

We applied the cascode switch logic to achieve
each latch for this circuit implementation. The
below figure 13 shows the circuit schematic of a
latch. In each latch circuit, there are three variables,
the width of M1, M3, and M5. The standard for
choosing their values is to ensure that the M1 in
series with M5 must overcome M3. From the
textbook, in the typical design, W5 ~ W;, =
2 X W3 4 and speed requirements may encourage a
wider W5. But in this case, we need to drive a
signal with 10.4GHz, so we assumed a higher Ws
to make the divider work. Finally, we chose the
value shown in Table IV to make sure that when
the input signal is 10.4GHz, the output is a square
wave with 5.2GHz (later we combine it with LO
and let it generate a signal with 5.19GHz as the LO
input of the mixer by changing the LO side). In

single block testing, we use 10.4GHz as a test
source.
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Fig. 13. Latch Circuit Schematic and Diagram of Two Latches Combination

The below figure 14 shows the complete
schematic design of our divide-by-2 circuit. When
we finished the design of each latch, we combine
them like the below figure shows. For the inverter,
we chose Wp = 6um and Wx = 3um to make it work
as a buffer.

Fig. 14. Divide-by-2 Circuit Schematic in Cadence

TABLE IV. VARIABLES OF DIVIDE-BY-2 CIRCUIT DESIGN
Wi W3 Ws Wp Wn
7um Tum 40um 6um 3um

B. Simulation Result

We used a sinusoid input waveform with
10.4GHz to test. The below figure 15 show the
square waveform of output [ & I Bar and output Q
& Q Bar, which is our expectation.
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Fig. 15. Simulation Output of I & I_bar and Q & Q_bar



Also, for the frequency check, we did a
calculation. From the below figure 16, we find the
e Period = 149.55 - 149.36 = 0.19ns
e Frequency =1/0.192ns = 5.208GHz
"Ll"he divide-by-2 circuit satisfied the requirement.
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Fig. 16. Frequency Calculation Point of Output I

VI. ADDITIONAL STAGE — DIFFERENTIAL PAIR

When we finished the original four parts of the
receiver and combine them, we found a tradeoff
between the whole receiver’s gain and [1P3. Because
the IIP3 was hard to adjust, we chose to sacrifice the
gain of LNA to get better IIP3 performance. Due to
the time limitation and circuit complexity, we
decided to use simple differential pair as an

additional stage to improve the overall receiver gain.

A. Design Procedure

Shown in figure 17, we have the basic circuit
schematic. We had six variables - CrLoad, Rioad, IBias,
Wo, W1, W23 to decide our circuit performance. We
combined the differential pair with our mixer to see
the overall performance.

B. Requirement Analysis and Expectations

In the differential pair, theoretically, the gain
equals to gmy X R;,,q While keeping all-transistor
working in the saturation region. We hope to let the
additional stage provide 10dB more gain (totally
about 18dB for mixer and differential pair) while
keeping the IIP3 not changing too much.

C. Design Variable Analysis

According to the equation Gain = gm; X
RLoad = 10dB = 3, we first perform a bias
current of 500uA to see its performance. The W/L
ratio is adjusted so that Vas is very close to Vru for
differential pairs to turn the MOSFET on.
Meanwhile, the W/L was adjusted so that the gm is
high for the voltage conversion gain and the

overdrive voltage is not too high to maintain the
linearity. Lastly, we choose the load resistor based
on the equation of gain, which increased from 100
ohms to enlarge the gain, whereas a too-large
resistor may result in a bad NF, so we chose Rroad
=550 Q.

Finally, after several attempts on those variables
and requirements, we finalized our value, as Table
V shows.

TABLE V. VARIABLES OF DIFFERENTIAL PAIR CIRCUIT DESIGN
IBias Rioad CLoad Wo W, W23
800uA | 550Q | 10pF Sum Sum 35um

D. Simulation Result

In this simulation part, we connect the mixer
with the differential pair stage to see the overall

performance of DC, Gain, I1P3, and NF.
1) DC Simulation

We performed DC analysis, and the operating
points of each device are shown in figure xx. We
make sure that each MOSFET is working in
saturation mode.
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Fig. 17. Operating Point of Differential Pair in DC Analysis

2) Gain & IIP;
We used the same setting as we test the mixer. In
the below figure 18, we find the following value:
- Gain=-20.827dB — (-40dB) = 19dB
(Satisfy our expectation)
- IIP3=(-22.827 — (-72.678))/2 — 30dB =
-5.07dBm



(Satisfy our expectation without too much

change compared with only mixer)
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Fig. 18. IIP; and Gain Value in tran Simulation

3) Noise Figure

We performed a pss and pnoise simulation for
the noise figure. From figure 19, we can find that
the NF of our designed mixer is 5.78dB, which

satisfies our expectations.
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Fig. 19. Noise Figure Value in pss and pnoise Simulation

VII. CIRCUIT COMBINATION AND SIMULATION

After we finished the design of each block, we
combined the circuits with seeing the performance
of the overall circuits. First, we combined the LNA,
Mixer, and Differential pair as the upper block and
combine the LO with the Divide-by-2 circuit as the
lower block.

We wanted to check the upper block's gain, IIP3,
and noise figure. We wanted to check the Phase
noise for the lower block and whether the output
frequency equals 5.19GHz.

A. Upper Block Simulation

Figure 20 shows the upper block circuits
combination and do the simulation. We doubled
the mixer for the I and Q mixer and combine them
into a differential pair for amplification.

Fig. 20. Upper Block Circuit Schematic in Cadence

During the simulation process, we changed
variables like the width of the switching transistor
and bias current. When the simulation result did not
meet our expectations, we checked the circuit
block by block to see which block had the
unexpected value and did the change
correspondingly. Also, since we can only have one
ideal current source per block, we change the ideal
current source by implementing a voltage divider
and current mirror. The finalized parameters are
shown in Table VI in the conclusion part. Figures
21 to 24 show the simulation result of noise figure,
IIP3, and Gain.

- Noise Figure @ 10MHz: 3.41dB

- IIP3; = -30dBm+(-15dB+55dB)/2 =

-10dBm by applying two-tone :10mV with
5.21GHz, 5.22GHz with LO = 5.19GHz

- Voltage Conversion Gain = 20log

(182.4m/(0.5*10m)) = 31.2dB from 5.2GHz
to I0OMHz

- Output Resistance = 229Q
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Fig. 21. Noise Figure Value of Upper Block Simulation

From the simulation results of NF (< 3.5dB),
ITP3 (< -10dBm), and Voltage Conversion Gain (>
30dB), the upper block satisfies the requirement of
this receiver.
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B. Lower Block Simulation

Figure 25 shows the circuit schematic of the
lower block. In this block, we need to satisfy the
requirements that phase noise of 5.2GHz LO < -
110dBc/Hz at 1-MHz and also the output
waveform should have the frequency of 5.19GHz

During the simulation process, we adjusted the
parameters in the LO schematic. The finalized
parameters are shown in Table VI in the conclusion
part. Figures 26 to 27 show the simulation result of
phase noise of 5.2GHz LO at 1MHz offset and
output waveform frequency.

- Phase Noise at IMHz offset =-111dBc/Hz
- Output Waveform & Spectrum Frequency =
5.19GHz

Fig. 25. Lower Block Circuit Schematic in Cadence

From the simulation results of PN @ IMHz
offset (< -110 dBc/Hz), and output waveform (at
5.19GHz), the lower block satisfies the
requirement of this receiver.
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Fig. 26. Phase Noise Value at the 1-MHz offset of Lower Block Simulation
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C. Overall Circuit Simulation

To make the circuit view more straightforward
to see the structure, we created symbols for all five
blocks and combine them shown in figure 28.

However, there are some challenges during the
overall circuit simulation. First, for NF simulation,
since an ideal voltage source provides the upper
part with frequency 5.19GHz in testing the upper
block, we tried our best to achieve 5.19GHz exactly
but failed (we get 5.19002GHz), which let us fail
the simulation in pss and pnoise. Second, due to the
same reason of ideal frequency and actual
frequency, the IIP3 of the overall circuit is also
being affected by the input waveform. To deal with
this, we decided to use the NF of the upper part
since, theoretically, the LO part will not affect the
overall Noise Figure, which is dominated by the
upper part.

B Ty et

Fig. 28. Overall Receiver Design and Symbol Connection in Cadence

VII.PROJECT CONCLUSION

In summary, we finalized all our design
parameters as shown from Table I to Table V and
simulate all required performance values in Table
VL

TABLE VI. SIMULATION RESULT OF OVERALL RECEIVER
Variable NFtotar™ 11Ps* Gain Phase Rin
Noise at
1MHz
offset
Requireme <3.5dB <- > <-110 =50Q <
nt 10dBm 30dB dBc/Hz
Simulation 3.417dB -10 dBm 31.2 -111 500
Result dB dBc/Hz
Satisfied / S S S S S
Unsatisfied

For the value of IIP3 and Noise Figure (as stared
in Table VII), these two values result from the
upper block due to the simulation limitation
explained in the previous text.

In conclusion, all the performance and building-
block specifications are satisfied. We used one
current source for each block, and no DC voltages
other than VDD are provided. Besides, we applied
all inductors and capacitors using the required
model with specific parasitic. The total inductance
is 18.73nH, smaller than 100nH, thus fulfilling the
requirement. By running, DC analysis, the total DC
power of the receiver is 56.6mW.
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