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Abstract—In this paper, a 60-GHz CMOS direct-conversion
receiver integrated with a frequency tripler is proposed. The
proposed receiver consists of a low-noise amplifier (LNA), a
down-conversion mixer, output buffers, and a frequency
tripler. This chip is designed using 0.13-um CMOS technology.
By using a frequency tripler, the operating frequency of the
PLL can be reduced from 60 GHz to 20 GHz. This makes the
implementation of the PLL much easier. According to the
simulation results, the receiver has a noise figure (NF) of 7.6
dB, a power gain of 29.2 dB. It consumes 14.2 mW from a 1.2-
V power supply.

L.

Recently, a 7-GHz band covering the range between 57
and 64 GHz has been released for unlicensed use in high-
speed and short-range communication systems. It has great
potential in the application of high speed WLAN and point-
to-point links, and offers a possible data rate of gigabits per
second. Existing millimeter wave receivers which use SiGe
or HEMT have the potential to implement wireless
components for 60-GHz applications due to the latter’s high
unit current gain frequency (fr) [1]-[2]. However, as the fr
reaches 80 GHz in 0.13-um bulk CMOS technology, the
advanced bulk CMOS technology becomes the potential
choice for the implementation the high speed wireless
components. Bulk CMOS technology also has the
advantages of low cost and a high level of integration.

INTRODUCTION

Several 60-GHz CMOS receivers have been reported in
[3]-[5]. In [3], a direct-conversion receiver with a two-stage
LNA and Gilbert cell based mixer is presented. However,
this type of architecture requires a 60-GHz PLL to generate
the LO signal, but such a PLL is difficult to implement and
has poor performance. In [4], a heterodyne receiver
integrated with a LO signal generator and divider is
implemented using 90-nm CMOS technology. In this
architecture, a high speed frequency divider is required, and
leads to a large power consumption. In [5], a receiver
integrated with a frequency doubler is presented. However,
the doubler can not provide the differential output signal
associated with a mixer and such a circuit still consumes a
large amount of power.
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Figure 1. The proposed receiver architecture with frequency tripler.

In this paper, a CMOS direct-conversion receiver
integrated with a frequency tripler is proposed and simulated
using 0.13-um CMOS technology. Direct-conversion
architecture provides the advantages of high integrity and
low cost. Moreover, the architecture is simple. A frequency
tripler requires a 20-GHz PLL only and is much easier to
design [6]-[7]. A relatively low frequency PLL can provide a
better performance in comparison with PLLs cited elsewhere
[3]-[5]. From the simulation results, the overall noise figure
(NF) is 7.6~8.2 dB, the power gain is 29.2dB with a 3dB-
bandwidth form 55.5 to 65 GHz which covers the whole
unlicensed band of around 60 GHz; and the input-referred 1-
dB compression point is -25.8 dBm. It drains 11.8 mA from
1.2-V power supply.

II.  RECEIVER ARCHITECTURE AND CIRCUIT

IMPLEMENTATION

Fig.1 shows the block diagram of the proposed receiver.
It consists of a LNA, a down-conversion mixer, output
buffers and a frequency tripler. First of all, the RF input
signal is amplified by the LNA which has a reasonable gain
to enhance the signal to noise ratio (SNR). The down-
conversion mixer following the LNA provides extra gain and
down converts the RF signal to an IF band by mixing with
the LO signals. To obtain the desired LO signal, the 20GHz
differential input signal is put through a frequency tripler to
produce 60 GHz. Because of the poor properties of the active



devices at the frequency near fr, the circuit would be much
easier to design if VCO at a lower frequency are used. More
specifically, using a low frequency PLL connected to a
frequency tripler to generate LO signals can achieve a better
phase noise performance and the power consumption of the
frequency pre-scalar can be greatly reduced due to a lower
operating frequency. For the purpose of measurement, an
output buffer is exploited in this study for the 50-ohm load.
The building blocks in Fig.1 are described in the following
subsections.

A. Low Noise Amplifier Design

A two-stage single-ended LNA is implemented as shown
in Fig.2. The first stage dominates the input matching ability
and overall noise performance because the gain of the first
stage can suppress the noise contribution from the
subsequent stages. In order to improve gain and noise
performances, a common-source with source degeneration
topology is applied. By selecting the appropriate values of
the degeneration inductor Lg and the gate inductor L,, noise
and input impedance matching at the desired frequency can
be achieved.

The second stage is implemented by using a cascode
structure as the other gain stage and this provides the output
current to the next stage. The conventional cascode structure
provides the advantages of a low noise figure, a high gain
and a high reverse isolation at a frequency much lower than
fr; as a result, the performances of gain and noise are
degraded. Therefore, the inductive peaking technique is
applied in this study to resonate with the parasitic
capacitance at the drain of M, and to improve the
performance of this stage. This scheme not only provides
better noise and gain performances but it also improves the
degree of isolation.

So far, most of the previously reported multi-stage
cascaded LNAs bias each stage separately by using blocking
capacitors to reduce power consumption [5]. However, the
non-ideal effect and parasitic capacitance of the passive
components would also contribute some noise referring to
the input and increase the overall noise figure. Moreover, the
dc blocking capacitances also cause a signal decrease due to
the parasitic capacitance of the input MOSFET and therefore
the small signal gain decreases. To solve this problem, the dc
voltage of the second stage is appropriately designed by
using a PMOS load M, as shown in Figure-2. The
capacitance C,; is a bypass capacitance which provides an ac
ground path at the drain of M.

B. Down-conversion Mixer.

To increase the mixer linearity by alleviating the output
signal headroom, the current mode interface between the
LNA and mixer presented in [8] is used in this study. The
proposed mixer architecture is shown in Fig.3. The trans-
conductance stage which converts the voltage signal to
current signal in a conventional Gilbert cell mixer can be
removed.
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Figure 3. The CMOS down-conversion mixer circuit

The RF current is coupled from the output of the LNA
through the dc blocking capacitance and fed into the source
of the differential pair, M, , to mix with the LO signals.

A current mirror implemented by My, generates the
desired dc current to the differential pair. To avoid the noise
contribution from the current source, a large bypass
capacitance Cy,; is applied to filter out the flicker noise. The
inductor Lg is used to resonate with parasitic capacitance at
the source terminal of M, at the desired frequency. This
inductor could reduce the signal loss caused by the parasitic
capacitance The capacitance C,; and Ry, function as a
low pass filter to extract the undesired signal. Due to the
low-pass characteristics of the filter, the LO to IF isolation
can be markedly improved. To reduce the IF signal loss
resulting from the low pass filter at the output of the mixer,
the pole of the filter needs to be selected appropriately. For



measurement considerations, MOS M; and M, are used as
unit-gain buffers to drive the 50-ohm measurement system.

In comparison with a conventional mixer, the proposed
mixer has the following advantages. First, the noise figure is
better due to the absence of the noise resulting from the input
stage in a conventional mixer. Second, the supply current
only needs to provide the mixing stage M, , in this case and
the dc current can be reduced to improve the noise
performance even more. Finally, an improvement in linearity
is expected due to the enhancement of headroom and input
stage that dominates the linearity of a conventional structure.

An increase in Ry 1, results in an increase in conversion
gain but a decrease in the DC voltage at the output nodes. In
short, there is a trade-off between conversion gain and
linearity.

C. Frequency Tripler

Fig.4 shows the proposed frequency tripler circuit. As
the fundamental signal is applied to the gate terminals of M,
and M,, the third harmonic signal can be amplified by using
the inductors L; and L, to resonant with the parasitic
capacitance at the third harmonic frequency of the input
signal. To improve the performances of the frequency tripler,
the source inductor Lg is applied here. This inductor is used
to enhance the even order harmonics at the source terminal
of My, in order to mix with the input signal. Thus, the third

harmonic signals at the output nodes can be enhanced further.

When even-order harmonics are involved, the Lg can be seen
as a source degeneration inductance and a cause of reduced
even order signal gain. Because the even harmonic signals at
the output nodes are a common-mode signal, the common
load resistance Rs can be designed to eliminate the undesired
even harmonic signals.
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Figure 4. The circuit scheme of proposed CMOS frequency tripler
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The M; and M, perform as CS amplifiers and the load
inductors L; and L, are resonated at the third harmonic
frequency of the fundamental. By using additional gain stage,
not only can the desired signal be enhanced further but also
the other undesired harmonics can also be suppressed.

II1.

The 60-GHz receiver front-end is designed and simulated
using 0.13-um 1P8M Cu CMOS technology with ultra thick
3.3-um metal. The chip is under fabrication and chip layout
is depicted in Fig.5, with a total die area of only 0.63 mm®
including all test pads and dummy metal. In order to avoid
any coupling effects, the space between the T-lines are more
than three-times that of the metal width. All of the T-lines
characteristics are simulated using an EM simulator, Ansoft
HFESS. The circuit simulation uses Agilent Advanced Design
System (ADS) software. The circuit is biased at a 1.2-V
supply voltage with current consumption of 4.7, 0.6, and 6.5
mA for the LNA, mixer, and frequency tripler respectively.
The total dc power consumption is only 14.2 mW.

SIMULATION RESULTS OF RECEIVER

However, without inter-stage matching between the
mixer and the frequency tripler, maximum voltage swing can
be achieved. Therefore, the dc gate bias of the mixer LO port
is designed using a dc drop across the resistance of the
previous stage. The simulation results are expressed when
the IF signal is 100MHz and Fig.6,Fig.7 shows the
simulation results of the proposed direct conversion receiver.
The maximum conversion gain for the receiver is 29.2 dB
with 3dB bandwidth ranging from 55.5 to 65 GHz. The
simulated minimum NF various from 7.6 to 8.2 dB and P1dB
is -23.4 to -25.8 dBm over the 7-GHz unlicensed band
around 60 GHz. The simulated performance parameters of
the proposed direct-conversion receiver are summarized in
Table I where comparisons with recently published 60GHz
receivers are also included. As can be seen, the proposed
receiver could achieve a lower noise figure performance and
also has a reasonable conversion gain and linearity
performance with lower power consumption.

IV. CONCLUSION

Employing 0.13-um CMOS technology, a 60-GHz
CMOS direct-conversion receiver with a frequency tripler
using a 1.2 V supply is simulated in this study and under
fabrication. The receiver consists of a two-stage LNA, a
single-balanced active mixer, a frequency tripler, and output
buffers. By using the frequency tripler, only 20-GHz PLL is
required to generate the 60GHz LO signal to down convert
the RF signal to a base-band frequency from which a better
performance is expected. At the desired frequency band
between 57 to 64 GHz and for a 100 MHz IF output, the
proposed receiver provides a conversion gain greater than
27.6 dB and a noise figure less than 8.2 dB with a maximum
conversion gain of 29.2 dB and minimum noise figure of 7.6
dB at 61 GHz RF frequency. Furthermore, the circuit could
provide the input P4 better than -25.8 dBm and a total
power consumption including the frequency tripler is 14.2
mW.



Figure 5. The circuit scheme of proposed CMOS frequency tripler
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TABLE L PERFORMANCE SUMMARY AND COMPARISON

Reference [3] [5] This work
Frequency (GHz) 57.5~64 57~63 55.5-65
LNA Gain (dB) 132 12 13.7

LNA NF (dB) 4.6~54 8.8 4.3~4.6
LNA Power (mW) 4.8 432 5.6
Mixer Gain (dB) 12 -2 15.5
Mixer NF (dB) 18.5~19.5 13.8 8.5~9.5
Mixer Power (dB) 1.1 2.4 0.7
Receiver Gain(dB) 28* 11.8 29.2
Receiver NF(dB) 12.5 104 7.6
P1agin(dBm) -22.5 -15.8 -25.8
IF Amplifier Yes Yes No
Technology 0.13-um 0.13-um 0.13-um
CMOS CMOS CMOS

*Including IF amplifier
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