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Abstract This paper presents a compact 60-GHz power amplifier utilizing a four-way on-chip
parallel power combiner and splitter. The proposed topology provides the capability of
combining the output power of four individual power amplifier cores in a compact die area.
Each power amplifier core consists of a three-stage common-source amplifier with
transformer-coupled impedance matching networks. Fabricated in 65-nm CMOS process,
the measured gain of the 0.19-mm? power amplifier at 60 GHz is 18.8 and 15 dB utilizing
1.4 and 1.0 V supply. Three-decibel band width of 4 GHz and P;4g of 16.9 dBm is measured
while consuming 424 mW from a 1.4-V supply. A maximum saturated output power of
18.3 dBm is measured with the 15.9% peak power added efficiency at 60 GHz. The measured
insertion loss is 1.9 dB at 60 GHz. The proposed power amplifier achieves the highest power
density (power/area) compared to the reported 60-GHz CMOS power amplifiers in 65 nm or
older CMOS technologies.

Keywords Power amplifiers - Millimeter-wave integrated circuits - MOS integrated circuits -
Impedance matching

1 Introduction

The continuous 7-GHz bandwidth around 60 GHz is a promising contender for development
of high-speed indoor wireless personal area network (WPAN) as it offers the bandwidth
required to enable multi-Gbps wireless links [1, 2]. However, the signal attenuation of 60-
GHz signals caused by high oxygen absorption in this frequency band requires 60-GHz
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transmitters to transmit considerably higher output powers compared to low GHz counterparts
in order to achieve the desired communication range [3]. The need for high output power along
with operation at frequencies closer to the cut-off frequencies of transistors puts contending
constraints on the design of power amplifiers (PA). Although compound semiconductor
technologies like GaAs and SiGe have been conventionally used for implementation of
millimeter-wave PA for the last two decades [4, 5], implementation of 60-GHz PAs has now
become feasible in Silicon because of aggressive scaling in size and increasing cutoff
frequency/maximum oscillation frequency (f/f,.x) of devices according to the ITRS roadmap
(Fig. 1). However, the design of CMOS power amplifiers (PAs) with high power added
efficiency (PAE) and output power remains challenging because of the low power gain of
transistors at 60 GHz, low supply/breakdown voltage of CMOS transistors and the losses of
interconnects and on-chip passive components in modern CMOS technologies [7].

The main challenge in the design of 60 GHz PAs is to obtain a high level of maximum saturated
output power (Pg,) using large CMOS transistors with low power gains (operating near their
maximum frequency of operation (f;,.«)) and low breakdown voltages [8—10]. A common approach
to improve the Py, and PAE of 60 GHz PAs is to combine the output powers of several single-stage
PAs using passive power combiners. Employing a proper power combining architecture, the output
voltage/current can be divided into multiple transistors increasing the reliability of the circuit.
Combining the current and combining the voltage are two major topologies used to combine the
power of multiple PAs. Power combiners based on Wilkinson topology are popular current
combining strategies. Using on-chip microstrip transmission lines, Wilkinson topology introduces
equal phase delay to the output of each PA cell which is mandatory for proper power combining.
Wilkinson topology uses four quarter wavelength transmission lines to combine output power of
two PA cells. The length of an on-chip quarter wavelength transmission line is 600 pm in silicon
technology. Implementing such bulky passive components on chip introduce significant power loss
and thus lower the overall output power and efficiency. Moreover, using Wilkinson power combiner
is not area efficient for combining of more than two PA stages. Another drawback of the Wilkinson
topology is a lack of ability to provide DC biasing path for PA cells. Independent DC biasing circuit
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introduces significant power loss and increases the chance of a mismatch between stages [11-14].
On-chip transformers are proposed for combining power of several PAs to increase the maximum
saturated output power (Pg,) because of their smaller physical size [15-18]. However, the weak
coupling of windings of on-chip transformers along with their relatively low quality factor caused by
metal and substrate losses prevent the overall PA from achieving desired output power and power
efficiency. This paper presents a 60-GHz PA topology utilizing a parallel multi-conductor power
combiner with stronger coupling and lower losses than conventional stacked/planar transformers. In
addition to performing the power combining, the proposed structure matches the 50-€2 load to the
optimum load impedance of the PA to maximize the power/gain performance without requiring
millimeter-wave on-chip capacitors as the output.

In this paper, we discuss the design of 60-GHz PA with a new four-way compact multi-
conductor power combiner and splitter fabricated in 65 nm CMOS technology [19]. The paper
is organized as follows; Section 2 reviews the transformer-based power combiners highlighting
its shortcomings while Section 3 presents the proposed compact power combining approach
for integrated millimeter-wave PAs and compares its power efficiency with those of the
conventional structures. In Section 4, the design process of the proposed 60 GHz fully
integrated PA in a standard nine metal layer 65-nm CMOS process is described. The
measurement results of the fabricated PA are reported in Section 5.

2 Transformer-Based Millimeter-Wave Power Combiner

The large transistors that are needed to deliver sufficient output power for 60-GHz applications
have large intrinsic parasitic capacitors that lower the power gain of transistors at millimeter-
wave frequencies. Therefore, to deliver a large amount of power to the load, it is necessary to
combine the power of several single-transistor PAs in such a way that the power gain of
individual stages is not affected by parallel connection of parasitic capacitors of the transistors.
Transformers are extensively used in for combining the output power of single-transistor PAs
for millimeter-wave applications. Conventional transformer-based 60-GHz power amplifiers in
deep submicron CMOS technologies have utilized stacked transformers in series configuration
to achieve high output power with reported power added efficiency of 10 to 15% [15-18]. In
addition to transistor’s power losses, the low power efficiency can be attributed to low-quality
factor of on-chip transformer transformers and the tuning capacitor required for the output
matching. Stacked transformers and planar coupled lines are common methods to realize the
transformer-based power combiners as shown in Fig. 2a, b.
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Fig. 2 Realization of mmW power combiners. a Stacked transformer. b Planar transformers. ¢ Proposed multi-
conductor planar transformer
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In most of the designs, stacked transformers are used to combine the output power of
several single-stage power amplifiers in series configuration with large occupied core area.
Eddy current produced by the penetrated electromagnetic waves into the substrate can cause
high energy dissipation in these physically large structures as the amount of the power
dissipation is proportional to the size of the windings [20, 21]. In addition, although a thick
top metal layer with low sheet resistance is available in today’s semiconductor technologies for
construction of secondary windings, the resistive loss of primary winding lowers the quality
factor of transformers as the primary winding constructed of metal layers beneath the top metal
layer typically several times thinner than the top metal layer. In planar transformers, both
primary and secondary windings are constructed using the top metal layer (Fig. 1b) to improve
the quality factor because of the lower sheet resistance of primary windings compared to
stacked transformers. However, the coupling factor between the windings is reduced because
of the minimum allowable spacing between the metal traces and fixed vertical cross-section
imposed by process design rules.

Finally, physically large secondary winding of the stacked and planar series combiners
introduces high output inductance which dramatically reduces the self-resonance frequency
(SRF) of transformers because of undesired parasitic capacitance. As a result, the series power
combining structures are not scalable for more than a few amplifiers at millimeter-wave
frequencies as the resonance frequency falls below 60 GHz for complex structures. In addition,
a series/parallel tuning capacitor is required to resonate with the inductive output of the
transformer to provide the desirable output matching. The layout, cross-section and the
equivalent circuit for metal-insulator-metal (MIM) capacitors designed in 1P9M standard
65-nm CMOS technology are shown in Fig. 3. Ultra-thin metal layers (CTM and CBM) with
high-K dielectric in between are developed in CMOS technology to provide the highest
capacitance per area. Compared to Metal-Oxide-Metal (MOM) and MOS structures, MIM
capacitors are known as the most high-quality linear capacitors in CMOS technology. The
quality factor of these on-chip MIM capacitors are typically low at millimeter-wave frequen-
cies [22]. According to the circuit model shown in Fig. 3¢, with the increasing frequency, the
inductive impedances of the parallel plates (L, and Ly,.) become comparable to the imped-
ance of the series capacitance (C,,;,,) Which results in less total capacitance at higher frequen-
cies. In addition, the series resistance of the capacitor plates (Ryop, Rpo) is increased with
frequency because of the skin and proximity effects. The quality factor of several MIM
capacitors ranging with plate sizes of 5 pum x5 wm to 10 um % 10 um is plotted in Fig. 3d.
As shown, the quality factor of the MIM capacitors drop from 12 to 5 as the capacitor size is
increased from 55 to 210 fF for the simulated structures. The relatively low-quality factor of
on-chip capacitors has a considerable impact on the power transfer efficiency of millimeter-
wave power amplifiers.

3 Proposed Millimeter-Wave Power Combiner

To address the trade-off between the low-quality factor of stacked transformers and low
coupling factor of planar transformers, we propose a planar multi-conductor power combiner
that can be implemented on the top most layer of the technology while producing the desired
coupling using multiple primary windings. Figure 1c illustrates the basic idea of the proposed
parallel power combining topology. Low loss windings with very high SRF are feasible at
millimeter-wave frequencies with the metal layer available in most standard CMOS
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Fig. 3 Metal-insulator-metal capacitor. a Cross-section. b Layout. ¢ Equivalent circuit model. d Quality factor of

MIM capacitors in 65-nm CMOS process

technologies. Implemented on 700-pm silicon substrate with 10 £2.cm conductivity, an ultra-
thick metal layer (My) and a thick metal layer (Mg) underneath are the two top layers
developed in TSMC 65-nm standard CMOS technology with 5 mQ/o and 22 m$)/o sheet
resistances, respectively. Although the 0.75 um distance between two layers improves the
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electromagnetic (EM) coupling, the high sheet resistance of Mg increases the power loss. The
proposed topology has the advantage of the higher SRF because of the shorter and higher-Q
secondary traces in comparison with the series power combiners. The challenging aspect of
designing the combiner is to choose a topology which can produce the impedance transfor-
mation, bias requirements and power combining simultaneously. By implementing both
primary and secondary winding on the same metal layer, a higher-quality factor is achievable
and results in a low loss highly efficient combiner. To achieve a high coupling factor and lower
the substrate loss, primary windings are implemented on both sides of the secondary winding.

3.1 Power Transfer Efficiency

Three-dimensional electromagnetic (3D EM) simulations are performed to compare the
coupling factor and efficiency of the proposed multi-conductor topology with the stacked
and planar transformer-based power combiners. Simulated transmission coefficient (S,;) of a
stacked transformer (Fig. 1a) with the total length of 90 wm, the planar transformer with the
same length (Fig. 1b), and proposed multi-conductor transformer (Fig. 1¢) with 90 um lengths
are illustrated in Fig. 4. Plotted in Fig. 5 for all three structures, effective coupling factor
between windings is calculated using (1) [23].

Im(212)2

K= Im(Zy1).Im(Z2) (1)

Compared to the other counterparts, the proposed multi-conductor structure shows better
gain performance over a wide bandwidth based on the simulated S,;, and the effective
coupling factor between windings is better than those of the stacked transformer in the desired
frequency band as shown in Fig. 5. 3D EM simulations have been performed to compare the
power transfer efficiency of the proposed structure and the conventional series power combiner
for different ITRs ranging from 0.1 to 10. Power transfer efficiency of the proposed method
and the conventional series combiner are compared in Fig. 6 based on the maximum available
gain calculations [23]. For ITRs less than unity, the proposed method results in power transfer
efficiencies higher than 80% for ITRs from 0.4 to 5 which are significantly higher than the
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efficiency obtained by conventional series combiners. For ITRs higher than unity, the proposed
structure still shows higher efficiency for ITRs less than five. As a result, the proposed
structure will be efficient for the case of a four-way combination.

3.2 Elimination of Lossy Tuning Capacitors

Tuning capacitors are required to cancel the output reactance of the power combiners for
impedance matching purpose. These capacitors introduce power loss and create extra paths to
the substrate/ground resulting in reduced overall power transfer efficiency for the power
combiners. A circuit analysis is performed to calculate the impact of the lossy capacitors on
the efficiency of the power combiners in Appendix. Each power combining rail in a power
combiner can be modeled as lossy inductors with mutual inductance between the primary and
secondary traces shown in Fig. 7. Adding a single series tuning capacitor with the load is
necessary to provide the negative reactance to resonate the inductive output of the transformer.
Typically, the impact of the tuning capacitor is neglected because of the availability of high-
quality capacitors with low equivalent series resistance (ESR) at low GHz frequencies [24].

Fig. 6 Power transfer efficiency 100
versus ITR for parallel and series 95
combiners
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The quality factor of inductors (Qr), coupling factor between windings (k), and the quality
factor of tuning capacitors (Qc) are the main parameters which must be considered for
millimeter-wave transformer-based impedance matching circuit design. Although the tuning
capacitors can be used to obtain lower turn ration (n) and lower primary inductance for a given
load resistance, but their relatively low-quality factors and high ESR at millimeter-wave
frequencies have a considerable impact on the power transfer efficiency which must be taken
into account at millimeter-wave frequencies. The lossy tuning capacitor is modeled as a series
capacitor (C) with a finite quality factor of Q.. The quality factors of the capacitor and the
primary/secondary inductors are represented by series resistances R¢, R;, and R,, respectively.
As derived in Appendix, the power transfer efficiency can be represented as a function of the
circuit parameters as

(kOy)? 1
n= : : (2)
2 RO, | O wl, wly
(kOL)" + < wLy + Q_C * 1> b R1O¢ * R1O;

Equation (2) shows that the power transfer efficiency of any transformer-based power
combiner depends on not only the quality factor of the components but also the size of the
secondary winding, load resistance, and frequency of operation. By eliminating the tuning
capacitors, the power transfer efficiency of the proposed technique will be affected by only the
coupling factor and the quality factors of primary/secondary windings as

1 L
— 1 L O = 3)
68+ (ragm)

Ry
One of the advantages of the proposed power combining topology is the possibility of
eliminating the lossy capacitors. Considering the parasitic capacitance of the transistor stages
and tuning the size of the gap and width of the windings, the proposed power combiner is
designed to have a very low output reactance. For typical values of coupling factor of 0.7 and
quality factor of 15 for windings, the power efficiency of the proposed power combiner can be
as high as 85% at 60 GHz.

=

4 Design of 60-GHz Power Amplifier

A systematic methodology for the design and implementation of the proposed 60-GHz power
amplifiers is developed in this section. The characteristics and technical of the proposed four-
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Fig. 7 Half-circuit model of one branch of power combiner
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way power combiner, power MOSFET cells, and transformer-based matching inter-stage
networks will be presented. As shown in Fig. 8a, a four-way parallel power splitter/
combiner based on the proposed multi-conductor cross-coupled transformer architecture is
utilized to combine the output current of the four individual PAs to achieve a higher output
power than the conventional structures. Each PA includes three cascaded amplifiers. The
output power, gain, and the efficiency of amplifiers must be simultaneously optimized while
designing the PA. Transistor sizes for gain stages are designed to achieve the highest possible
gain and linearity to drive the power stages. To obtain inter-stage impedance matching,
millimeter-wave stacked transformers have been designed.

The schematic of the 60 GHz CMOS power amplifier is presented in Fig. 8b. The transistors are
laid out in 32 fingers with 4-pum wide fingers for the last stage and with 32 fingers, 1.6 and 2.8 um
for driver and gain stages, respectively. To ensure a reasonable power gain, the driver stage and the
gain stage are cascaded before the main power stage. The optimum size for power transistors is
chosen based on the load-pull and small-signal simulations. Bias conditions are set to achieve the
maximum current density at frequencies near f7 The gate bias (Vg) voltage is set to be 0.8 V while
the supply voltage (Vpp) varies from 1 to 1.8 V for all the stages. A 60 f. MOM capacitors
paralleled with 10 K( resistors are used to create virtually grounded bias rails. For inter-stage
matching circuits, stacked transformers are designed on the My and Mg metal layers with a
conductor width of 6 pum and a radius of 15 and 20 um, respectively. Utilizing the Mg and My
metal layers in stacked configuration, a coupling factor of 0.7 is achieved at 60 GHz. The /O
capacitive parasitics of the transistors are taken into account when tuning the transformers. As a
result, lumped tuning capacitors are avoided which is desirable because of their low-quality factors
at millimeter-wave frequencies.
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Fig. 8 Proposed 60 GHz PA. a Building-blocks diagram. b CMOS power amplifier circuit schematic. ¢
realization of multi-conductor four-way parallel power combiner
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4.1 Multi-conductor Millimeter-Wave Power Combiner

Figure 8c illustrates the physical realization of the proposed power combiner. Two branches of
multi-conductor planar transformers are connected in parallel to form a four-way combiner
with four primary windings and two parallel secondary windings. The primary and secondary
windings are designed on the ultra-thick metal layer (M) to achieve the lowest sheet resistance
and consequently highest possible quality factor. By designing the primary windings in
adjacent of the secondary winding, frequency response of the proposed structure can be
controlled by the wall-to-wall distance between the windings (S), the width of the primary/
secondary windings (W, W,) and the length of each branch. The primary windings will be
derived by individual power amplifiers and RF power will be transferred to the output via the
electromagnetic coupling between the windings. A premier advantage of the proposed struc-
ture is to get the maximum available coupling by designing three ultra-thick windings in
adjacent. In this case, the primary windings can prevent the extra energy loss on the secondary
windings because of the EM wave penetration in the substrate. Lower wall-to-wall distance of
traces in adjacent results in low parasitic coupling capacitance and increases the SRF. Power
combiner must be able to transform the output impedance of the power transistors to the 50-Q
load while combining the output of four individual stages. The maximum available ITR
achieved by the proposed combiner determines the maximum size of the transistors in power
stages. Power transistor with larger channel width and lower output impedance will be feasible
with the capability of producing a high ITR at 60 GHz. In addition, the SRF of the power
combiner must be far from 60 GHz to prevent the oscillation and instability. To calculate the
design requirements for different ITRs at 60 GHz, a set of 3D EM simulations is performed.
Figure 9 illustrates the achieved ITRs and SRF at 60 GHz for different values of secondary-to-
primary width ratio (WR = W,/W)), ITR, and the length of the primary/secondary windings
(L). Simulation results show that the higher ITR is achievable by increasing the length of the
power combiner with high WR. By changing the width of the metal traces for a range of 6 to
12 um, the parasitic metal-to-ground capacitance can be controlled to achieve different
inductance for primary/secondary windings. The coupling factor between the secondary/
primary windings and the parasitic coupling capacitance can be controlled by changing the
spacing distance between the windings (S). The minimum allowable spacing of 2 um is
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chosen to achieve highest possible coupling factor while satisfying the process design rule
requirements. The coupling factor also depends on the length of the windings. Windings with
longer traces introduce more mutual inductance and coupling factor. Maximum and minimum
power transfer efficiency of 85 and 70% are achieved based on the achieved transmission loss
of —0.55 and —1.5 dB, respectively. To achieve an ITR of 4 to 5, proposed topology with
200-um winding length, width ratio of 1.5 is designed to combine the output power of power
amplifier stages. A power splitter with same architecture is designed at the input to divide the
input power into four amplifier cores. For a very low ITR which is needed at the input, 130-um
length splitter can split the input power with achieved power efficiency as high as 85%
resulting in a higher efficiency compared to using a lossy and non-area efficient Wilkinson
power divider.
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Fig. 12 Load-pull simulation
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NMOS device

=

-0.5dB / Div

4.2 Power Transistor Cells

In addition to lossy passive devices, a major challenge in the design of a fully integrated millimeter-
wave PA is the low power gain of the large transistors which are used at such high frequencies. To
provide a high output power, a transistor with a large channel width is required. Losses due to the
parasitic components and the resulting complexity of modeling will increase for these large power
transistors. Hence, the maximum operation frequency (f;,..) of power MOSFETs decreases [25].
Although the output power is the primary design specification which must be satisfied, the gain of a
PA must be enough to decrease the linearity constraints of the preceding driver stages. The multi-
finger parallel configuration is used to achieve the wider channel width and higher current. The
performance of this kind of power transistor is determined by three physical parameters, the number
of fingers (V)), the width of a single finger (W), and the number of cells in parallel (M).
Small-signal simulations are performed to choose the optimum size for power transistors.
Multi-finger structure with 30 fingers is used to construct transistors with total channel widths
ranging from 3 to 150 pum. Transistors are biased at various current bias conditions and
maximum unilateral power gain is used to extract the f,,,, contours. According to Fig. 10,
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Fig. 14 Chip micrograph of 60-GHz PA fabricated in 65-nm CMOS

using a finger width of 1 to 4 um with 30 fingers keeps the f,,,. above 60 GHz. Biased at
300 pA/um, the device can deliver 36 mA current to the load. As most foundry-supplied
design kits do not offer accurate transistor models at millimeter-wave frequencies, it is
necessary to characterize transistors through fabrication and testing of custom layout power
transistors for the successful design of 60 GHz PAs. Figure 11 demonstrates the large deviation
between the measured and simulated S-parameters of the fabricated 120-um power MOSFET
at millimeter-wave frequencies. Although an accurate quesi-3D inter-connection electromag-
netic (EM) modeling leads to better performance estimation for PAs, the final performance is
still dependent on the power transistors which are not fully characterized for millimeter-wave
frequencies. In addition, the I/O impedances drop when the number of fingers is increased
which leads to higher matching network losses because the higher ITR is needed. Load pull
simulations are performed to obtain the optimum impedance required for highest possible
power/efficiency capabilities. Figure 12 illustrates the load-pull simulation results a power
MOSEFET with the total channel width of 120 um fabricated in 65 nm CMOS technology.
Maximum output power of 15.39 dBm is achieved by class A biasing (Vgg=0.9 V and
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Fig. 16 Measured performance of 60 GHz PA. a output power and efficiency. b Power gain variations versus
supply voltage. ¢ Saturated output power variations versus supply voltage. d Power-added efficiency variations
versus supply voltage

Vpp = 1.2 V) with 46% maximum PAE. Normalized optimum load impedance of 0.23 +j0.27
is required to obtain such high output power. According to the PAE contours, a high PAE is
achievable for a wide range of impedances.

4.3 Transformer-Coupled Inter-stage Matching Network

To ensure a reasonable voltage gain, the driver stage and the gain stage are cascaded before the main
power stage. The second and fist stage transistor sizes are chosen to be 30 and 70% smaller than the
power transistor, respectively, to satisfy the linearity and compression requirements. Stacked
transformers are designed, modeled, and fabricated for 60-GHz inter-stage matching networks.
Despite the potential for transformers to be very compact at millimeter-wave frequencies, for
transformer-based millimeter-wave design to be practical, it needs to be demonstrated that the
insertion loss of transformers at these frequencies is better than or comparable to distributed
transmission lines. Furthermore, a predictable and scalable modeling methodology must be devel-
oped for a specific technology based on the EM simulations. Basic active and passive devices have
been implemented, modeled, and verified in CMOS technologies for RF and microwave frequen-
cies. However, passive and active models for complex millimeter-wave devices like spiral trans-
formers and transmission lines are not available [25, 26]. The substrate loss, thin lossy dielectrics
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between layers, distributed effects, and the sheet resistances of metal layers are the technology
limitations that make the models non-applicable for millimeter-wave design.

Stacked octagonal spiral transformers in 65-nm CMOS technology are EM simulated with
average diameters (D) of 20 to 60 wm using My and Mg metal layers. Extracted quality factor and
effective inductances for the transformers are presented in Fig. 13. Simulated at 60 GHz, 40120 pH
inductances are achievable by using Mg and Mg metal layers. The insertion loss is determined from
the S-parameter results by the absolute value of S,;. The average extracted insertion loss is 2 dB for
various sizes of the transformers. The quality factor (Q) and the effective inductance of windings are
extracted from Z parameters. The quality factor of the windings is obtained by dividing the
imaginary component of the Z;; and Z,, over the real part while the mutual inductance can be
calculated by extracting the Z,,. The primary winding which is implemented on the ultra thick metal
layer (M) has the quality factor 60% higher than the secondary winding which is implemented on
Mg because of the lower conductor sheet resistance of Mo. The average coupling factor of 0.7 is
measured for one-turn octagonal stacked transformers implemented on Mg and Mo.

5 Measurement Results

The proposed 60 GHz PA is fabricated in a 1P9M 65 nm standard CMOS process. The chip
micrograph of the PA is shown in Fig. 14. The PA only occupies a core area of 0.19 mm?> by
utilizing the proposed area-efficient power combiner and splitter. Considering all the pads, MOM
capacitors and DC supply rails, the design occupies the total area of 0.42 mm?. The S-parameter
measurements are performed using Agilent N5251A vector network analyzer (VNA) solution
which uses an E8361 performance network analyzer (PNA), millimeter-wave test controller and
broadband frequency extenders. The measured S-parameters are compared with the simulation
results as shown in Fig. 15 where a frequency shift of approximately 3 GHz is observed that can be
attributed to inaccuracy of the transistor models at millimeter-wave frequencies. Although each
individual passive component is EM simulated, the EM coupling of these components has not been
taken into account for producing simulation results. Applying 1.4-V supply, a small-signal gain of
18.8 and a 3 dB bandwidth of 4 GHz (58 to 62 GHz) are measured. With the stability factor of
greater than unity, the amplifier is unconditionally stable over the frequency range of operation. The

Fig. 17 Simulated third-order in- 30
tercept point of the 60-GHz PA

over supply voltage variations /—‘\*\‘\'
25

OIP3 (dBm)
13
(=)

—— VDD =
1.0V

—a— VDD =
14V

56 58 60 62 64 66
Frequency (GHz)

@ Springer



J Infrared Milli Terahz Waves (2017) 38:745-765 761

60-GHz power measurements are performed using Rohde-Schwarz NRP-Z power sensors and the
Rohde & Schwarz ZVA67 VNA. The measured results are shown in Fig. 16a. With 1.4-V supply
voltage, the saturated output power (Pg,) of 18.3 dBm is measured at peak PAE of 15.9%.
Compared to the reported 60-GHz PAs in the same and older technologies, the proposed PA is
smaller in size for comparable higher output power while improving the linearity based on the
measured 16.9 dBm 1-dB compression point. The measured power gains of the PA for different
levels of supply voltages are presented in Fig. 16b. The power and efficiency performances are also
measured over the IEEE802.15.3c band. As shown in Fig. 16¢, d, the PA maintains the 15-dBm
output power and the average PAE of 10% over the frequency band. Table 1 compares the
performance of the proposed PA with the state-of-the-art 60 GHz PAs fabricated in 90-, 65-, and
28-nm CMOS processes. The proposed power amplifier achieves the highest power per area among
the state-of-the-art of 60-GHz PAs among all 90- and 65-nm implementations while the P4 and
the Pg, are comparable to the reported designs. The linearity of the PA is also characterized by two-
tone simulation with a power sweep over 60 GHz band. Two V-band signals with 5-MHz spacing
are fed into the input port of the PA and the third-order intercept point (IP3) is extracted from
simulated third-order inter-modulation distortion plots. Figure 17 shows the simulated output IP3 of
the proposed 60 GHz PA over supply voltage variations operating inside IEEE 60-GHz band.
Although the linearity of the PA is slightly decreased at the edges of the 60-GHz band, it achieves
OIP3 0f 25.84 dBm at 62 GHz using 1.4-V supply. The average OIP3 of the proposed PA is about
9 dB higher than the measured compression point which guarantees a linear operation inside 60-
GHz band.

6 Conclusion

A novel multi-conductor power combiner for an integrated 60 GHz CMOS PA has been proposed.
The proposed topology provides a compact four-way power combining capability to combine the
output power of four individual PA cores with higher efficiency compared to the conventional
transformer-based power combining schemes while occupying smaller die area. The PA core
consists of cascaded common source stages with inter-stage matching. The peak power gain of
18.8 dB and 18.3dBm saturated output power are measured over the 3-dB bandwidth of 4 GHz.
The 0.19 mm® die area consumes 424 mA from a 1.4-V supply and presents 15.9% PAE at
saturation. The proposed power amplifier achieves the highest power density (power/area) com-
pared to the reported 60-GHz CMOS power amplifiers in 65 nm or older CMOS technologies up to
the date of this publication.

Appendix

Power Transfer Efficiency Calculations of the Proposed Multi-conductor Power
Combiner

As illustrated in Fig. 7, the equivalent circuit model for one branch of power combiner includes
the primary/secondary winding’s inductances with finite mutual inductance and resistive losses
as R; and Ry, respectively. A tuning capacitor with finite quality factor can be modeled as an
ideal capacitor in series with the extracted resistance R¢. The voltages and currents at the input
and output ports can be determined by Ohm’s law as shown in (4) and (5) to calculate the
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power transfer efficiency of transformer-based power combining networks with considering all
lossy elements.

Vi = Zinli = Rin + jX;)h (4)

Vo =711, = (RL + _]XL)IQ (5)

It is necessary to evaluate the real part of the input and output impedances to calculate the active
power delivered to the input port or by the output port. In order to find the real part of the input
impedance (R;,), Vi must be calculated with respect to /;. The current-voltage equation of the
network can be written as (6) by applying KVL at the input and output.

Ry + jwLy —jwM
|:V1:| = _(RC +R2)_ |:11:| , M =k. LiL, (6)
Vs . YN L v
Jw j(sz——)
wC

where, M is the mutual inductance, & is the coupling factor, and # is the turn ratio between the
second and first windings. Substituting (5) into (6), relation between /; and 7, can be found as

JwM

1
(ZL + R, —|—Rc) —|—j<erR)

I, = 1. (7)

Substituting (4) and (7) into the expanded version of (6) gives the (8) which is demon-
strating the input voltage with respect to the input current.

Vi= (R +jWL1')MI I
. w
—jwM J 2 I (8)
(ZL —|—R2 —|—Rc) —I—j(szfi)
wC

Therefore, the resistance and reactance part of the input impedance can be separated as
shown in (9) and (10).

WM*(R, + Ry + Rc¢)
(R, + Ry + Re)* + (wlo—-L)

R,‘,, :Rl + 2 (9)

1
2M2 Ly— ——
w [99) )] oC

2
(RL + Ry + Rc)2 + (szfi)

X,‘n = le— (10)

For power efficiency calculations, it is necessary to demonstrate the input and output power
with respect to a same current or voltage. Substituting the (9) into the well-known power
calculation expression, (11), gives the input power of the transformer.
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1 -
P, = 5 Real {viri}
Rl‘ll‘z 1 (wk)leLz(RL + R +Rc)‘11‘2 (1])
2 2 (R 4 Ry + Re)* + (wlo— L)

Substituting (7) and (11), the power delivered to the load will then be

RL‘12’2
Pout =

2
RL(wk)2L1L2 ’[1)2 (12)

| —

(Ry + Ry +Re)* + (sz_i)z

To simplify, at the center frequency, the tuning capacitor (C) and the secondary inductance
(L,) must resonate and cancel out each other. The passive power efficiency of the transformer
(n) is determined as the power delivered to the load (P,,,) over the total power entering the
transformer (P;,), given by

Ry (wk)?LiL,
. Lwh) L — (13)
(Rz + Re + RL) Rl(Rz + R¢e +RL) =+ (wk) LiL,

The efficiency can be calculated with respect to the quality factor of the circuit components as

kO.)? 1

e £ AR e T 14)

kO + | =—=—+=—+1) 1+—="+—"=

( L) (QLD Oc ) Oc Or
where the quality factors can be defined as followed.

wLy wlLy 1 wLy
Ri=— R =—2 Rr=—— == 15
: Oon’ ? Op’ ¢ wCOc' Ouo Ry 1)

Equation (14) proves the huge impact of the lossy capacitor on the power transfer
efficiency. By eliminating tuning capacitors, the power transfer efficiency of the proposed
technique will be affected by only the coupling factor and the quality factors of primary/
secondary windings as

Us (16)

(k) + (k2 QiQLD) !
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