INSIGHTS ON GAN IN MILLIMETER
WAVE 5G FRONT-END MODULES

Echoic Engineering LLC

Document Date: Feb 2021, WP-3 Rev. 1
Author: Kelvin Yuk, PhD

CONTACT INFORMATION

Email: ksyuk@echoicrf.com | Web: https://echoicrf.com




Echoic Engineering | Insights on GaN in Millimeter Wave 5G Front-End Modules

5G SYSTEMS AND GAN

GaN has continued to make headways into the
advancing state-of-the-art high power RF and
microwave applications. A variety of applications
arising from 5G/10T will be the driving force in
creating next-gen GaN devices operating at mm-wave
frequencies and beyond. The challenges and
opportunities for deployment of GaN are identified and
discussed here.

The complexity of the cellular infrastructure has evolved from 2G to LTE and now 5G. The expected 5G
speeds reaching 1000x that of LTE will not only enhance existing telecom services, but also lay a new
infrastructure for emerging applications such as virtual/augmented reality, self-driving cars, the internet of
things (1oT) and wearable and implantable devices [1-2].

Base Station
User Equipment

Fig. 1. Digital beamforming architecture for 5G massive MIMO systems.
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The 5G architecture will employ multiple input multiple output (MIMO) and beamforming technology to direct
signal power for increased over-the-air data rates. A number of demonstration 5G systems achieving more
than 3Gb/s have been published in the literature [2-3]. These MIMO architectures will stimulate new design
goals on the size and capabilities of the RF transceiver hardware. A block diagram of a digital beamforming
5G massive MIMO architecture is shown in Fig. 1.

Several key directions for 5G have emerged. First, the critical allocation of spectrum will dictate the design
and implementation of transceiver hardware. Due to the highly congested sub-6-GHz cellular bands, mm-
Wave frequencies are necessary for achieving the desired low-latency, high speed transmission. The FCC
has approved of several bands for leading cellular carriers including 28GHz (Verizon, AT&T, T-Mobile), 37GHz
and 39GHz (T-Mobile) [4]. Initial development at 28GHz is the most likely but still has significant
challenges. While full mm-wave 5G infrastructure is being developed, carriers will first implement sub-6GHz
5G systems employing many of the same MIMO beamforming techniques but at lower, more technologically
accessible frequencies. A number of sub-6GHz 5G MIMO systems have been demonstrated at 3.3-4.2 GHz

[5]-

Massive MIMO beamforming will require a multiplicity of RF circuitry for each antenna element in the

phased-array transceiver system. Therefore, size, cost and power density are crucial figures of merit for
both the base station and handset architectures. Analog, digital and hybrid beamforming techniques are
under consideration. A multiplicity of RF transmit and receive chains will be required as shown in Fig. 1.

GaN technology has been commercially available for several years now and continues to gain momentum for
use in a variety of RF and microwave industries. Primarily cultivated as the next-gen PA technology, GaN is
being developed for different circuit applications, an activity made possible by the range of foundry offerings
as shown in Table | [6-12]. The present state-of-the-art lies within the 0.10um-0.15um channel length
range. From Table 1, the foundries equipped to address mm-wave challenges for 5G include [8-12].

Table 1. Commercially available GaN Foundry Services

Foundry IC Fabrication Discretes
Process Bias (V) Freq (GHz)
(6] 0.25um GaN-on-SiC 28-40 18GHz v
0.40um GaN-on-SiC 28,50 8
0.25um GaN-on-Si N/A N/A
[7] 0.50um GaN-on-Si N/A N/A N
0.50um GaN-on-SiC N/A N/A
[8] 0.20um GaN 4-in N/A 60GHz Y
[9] 0.10um N/A >70GHz N
0.25um GaN-on-SiC 100mm 40V 18GHz
[10] 0.25um GaN-on-SiC 100mm 48V 10GHz v
0.15um GaN-on-SiC 100mm 28V 40GHz
0.50um GaN-on-SiC 100mm 65V 10GHz
0.50um GaN-on-SiC 3-in E-mode N/A N/A
[11] 0.15um GaN-on-SiC 3-in N/A Ka-band N
0.50um GaN-on-SiC 3-in 40V X-band
[12] 0.25um GaN-on-SiC N/A 30GHz Y
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While other technologies are better suited for handsets due to cost, battery voltage and RF power
requirements, GaN is a natural candidate for base-station deployment. Continual efforts to customize GaN
for lower operating voltages and higher operating frequencies enable the development of switches, LNAs and
frequency conversion circuitry. Eventually, it will be possible to integrate the multiplicity of RF chains into a
single or several GaN MMICs as highlighted in Fig. 1.

GAN BASE STATION POWER AMPLIFIERS

In MIMO, each antenna is driven by its own PA and therefore it is important to meet the power and linearity
requirements while minimizing variation across cells. Development of 5G GaN-based small-cell base station
PAs is important for compactness, reduced weight, and low cost while retaining high power and efficiency for
ease of deployment.

A thorough understanding of how the unique attributes of GaN such as breakdown voltage, self-heating,
trapping, field plate design and transconductance shape impact the operating frequency, power, efficiency
(PAE), linearity (harmonics, EVM, ACPR, IIP3, AM-AM, AM-PM), ruggedness, and transient behavior is
critical. The desire for high density power will be satisfied by GaN in ways that existing GaAs FET and Si
LDMOS solutions cannot. This will require extensive efforts in the modeling of high power devices using
dynamic DC and RF techniques [13].

The 1V characteristics and maximum available gain (MAG) of a 0.20um GaN 8x100um FET are shown in Fig.
2 to examine the capabilities of presently available GaN technologies for 5G PA design The device exhibits a
bell-shaped transconductance (gm) (Fig. 2a) and a significant amount of self-heating (Fig. 2b), both of which
are typical of GaN HEMTs. One key research area involves shaping the gm to cater to a specific application.
This can include improving PA linearity or PAE depending on the amplifier class. Another research
opportunity is in improving the thermal design of the device to reduce self-heating while retaining its high
power characteristics.

The fT of this particular device is around 51.6GHz, well above the 28GHz operating frequency (Fig. 2¢). At
28GHz, S21=5.372dB and MAG=14.091dB. This indicates that there is adequate potential gain at these
frequencies. Further extension of the frequency response may involve the reduction of parasitics and field-
plate design of the GaN HEMT.

ECHO'C WP-3 Rev. 1 | © 2021 Echoic Engineering | https://echoicrf.com | Page 4



Echoic Engineering | Insights on GaN in Millimeter Wave 5G Front-End Modules

0.2um 8x100um, Ids-Vgs, Vds=10V

700

0.35

600—

500—|

400—|

Ids (A)

300—

200—

100—

—0.30

—0.25

—0.20

—0.15

—0.10

—0.05

T T i 0.00

0.2um 8x100um, Ids-Vds

10 20 30 40 50
Vds (V)

(b)

$21 and MAG
35

30—
25—
20—

g 15 MAG

freq, GHz

©

Fig. 2. Characteristics of a 0.20um GaN 8x100um FET (a) Ids-Vgs and gm-Vgs (b) static Ids-Vds and (b) S21

and MAG.

Considerable research is being conducted to bring GaN into 5G PA design [14]. Much of the GaN PA
techniques developed for satellite communications at Ka-band can be leveraged for mm-Wave 5G. A
number of GaN HEMT commercial PAs in pre-production will be mature by the time the first 5G standards are
drafted [15]. These devices operating at 28GHz provide usable power up to several watts. Presently there
is limited availability of GaN HEMTs operating at the 37GHz and 39GHz bands although some research has
been done at 32GHz [16]. This identifies a key area of interest for GaN HEMT transistor development in

pushing operation beyond 30GHz.

@

Fig. 3. 5G PA using a 0.20um GaN 8x100um FET (a) MMIC and (b) Pout, Gain and PAE performance
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A Class AB PA MMIC using a single 0.20um GaN 8x100um FET has been designed to investigate the output
potential of GaN PAs at 28GHz. The circuit layout is shown in Fig. 3a and the simulated performance is
shown in Fig. 3b. This demonstration PA producing a small-signal Gain=10.03dB, and at input P1dB=27dBm
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produces Pout=36.01dBm with PAE = 51.1% as shown in Fig. 3b. As a PA output stage of a single MIMO
transmitter, the design indicates that presently available GaN technology is capable for first generation 5G

systems. For base station deployment, this PA can serve as a building block for the Doherty architecture

shown in Fig. 4a.
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Fig. 4. (@) GaN Doherty PA for base stations and (b) Frequency conversion and distribution using high power

GaN frequency multipliers.

A most critical parameter for cellular PAs is linearity, which is frequently characterized as an adjacent

channel power ratio (ACPR). However, since 5G waveforms are not yet defined, a suitable general-purpose
characterization is the two-tone test. The third-order intermodulation (IM3) products of the 28GHz PA using
a 100MHz tone separation is shown in Fig. 5. The GaN PA demonstrates an exceptional third-order intercept

6.6dBm.
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Fig. 5. Two-tone test of 5G PA showing fundamental and lower sideband IM3 products
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This demonstration 5G PA illustrates the attainable performance of GaN for 5G systems and highlights the
potential areas of improvements on the device level as well as the circuit level.

GAN MIXERS

Another area of research is in developing high performance 5G mixers. Tight integration and mismatch
reduction for MIMO can be achieved using an integrated on-chip mixer. Though studies of GaN mixers are
limited, some work from the last decade include a variety of single-ended [17], balanced [18] and double-
balanced [19] configurations. However, while a few of these mixers have demonstrated operation at Ka-
band [18] and still fewer above that [17], most are limited to lower frequencies.

Due to the strict linearity requirements including third-order intermodulation, high-order in-band and out-of-
band mixing products, and single-tone harmonics, the double-balanced configuration is preferred over
others. It has proven to be superior in terms of linearity and isolation [20]. GaN FET double-balanced
mixers operating at 28GHz and above will be an area of focus for the foreseeable future. A double-balanced
FET mixer has
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Fig. 6. Double-balanced mixer quad in a 0.20um GaN HEMT process (a) MMIC and (b) conversion gain over a
2GHz band for various gate bias

To evaluate the performance of a 5G mixer in GaN, a double-balanced quad using 0.20um GaN FETs shown
in Fig. 6a is characterized. With fRF=27 to 29GHz and fLO=27GHz, the GaN mixer quad can achieve <
7.7dB conversion loss across band with a VGG=-4.5V as shown in Fig. 6b. Additionally, the linearity and
dynamic range is exceptional as shown by the conversion gain (CG) vs power sweep shown in Fig. 7a. The
mixer demonstrates an input P1dB=22dBm. For linearity, IM3 products are shown in Fig. 7b, revealing an
11P3=24dBm. The results are achieved without impedance matching. With matching, the performance will
improve and the tradeoffs between conversion gain and linearity can be explored.
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Mixer conversion gain is highly dependent on the gm shape (Fig. 2a) and quiescent point as seen from Fig.
6b. Since GaN HEMTs are used, an optimal negative gate bias and gate drive level serves to enhance the
conversion gain of the mixer. However, it is often preferable for passive mixers to require zero-bias and
therefore advantageous to develop GaN which require no external biasing for mixer operation [21].
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Fig. 7. Mixer performance (a) Conversion gain showing 1dB gain compression and (b) Two-tone fundamental
and IM3 and products

GAN TX-RX SWITCHES

The Tx-Rx switch (S/W) shown in the Fig. 1 is a critical component which allows for the sharing of a single
antenna for both transmit (Tx) and receive (Rx) paths. This is important as antennas typically consume a lot
of area. For 5G systems the gain and signal isolation across the module is vital due to the multiplicity of
MIMO elements. A GaN front-end solution with integrated switch will allow for a compact design with high
power handling capability. There exists some work in GaN switches, but primarily at lower frequencies [22-
23]. At 5G frequencies, the properties of GaN which provide low insertion loss and linearity for switch design
and can be attributed to the high saturation velocity, breakdown voltage and low parasitics. However
challenges remain in reducing charge-trapping and self-heating which will impact switching time and
transient response.

In RF switches, the FET is often modeled as a resistive channel in the “on” state and a capacitive channel in
the “off” state [24]. A goal of GaN FET design lies in the reduction of Ron and Coff in the on- and off-states,
respectively. A lower Ron improves insertion loss in “on” state, while a lower Coff improves the isolation in
the “off” state. Widening the device can reduce Ron but this also gives rise to greater parasitics and Coff
due to the increased device periphery. Therefore, mitigating the tradeoffs of these two parameters is an
active research topic.

Two popular switch configurations suitable for a GaN SPDT switch design are the shunt configuration and
series-shunt configuration (Figs. 8a and 8b). The control voltages Vcl and Vc2 are logical opposites and are
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used to select which RF path is directed to the ANT port. When RF1 is selected, then RF2 should exhibit a
high impedance state and vice-versa when RF2 is selected.

ANT ANT
- VDD T- VDD
L LT
RF, O_”—D Y Y T|—o RF, RF; o—| \E'W 10 {—o RF;
1 1 1 1
. Ve2  Ves . . Ve2  Vei .

(a) (b)

Fig. 8. Tx/Rx Single Pole Double Throw switch using GaN HEMT in (a) shunt configuration (b) series-shunt
configuration

A SPDT switch using 0.20um GaN 8x100um FET devices is designed to evaluate the insertion loss, isolation
and linearity in a series-shunt configuration. The RF1- and RF2-to-ANT paths have return loss of 24.96dB in
the ON state and 1.764 in the OFF state at 28GHz (Fig. 9a). The return loss is better than 12dB from 26-
30GHz for wideband operation. The insertion loss of the RF1- and RF2-to-ANT paths is 1.45dB for the ON
path and -40.57dB for the OFF path (Fig. 9b). Furthermore, there is less than <1.9dB insertion loss of the
ON path and >31dB isolation of the OFF path from 26-30GHz. For both switch states, the RF1-to-RF2
isolation of 41.503dB is achieved at 28GHz as shown in Fig. 9c. This isolation is > 32dB is maintained from
26-30GHz.
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Fig. 9. 5G SPDT series-shunt switch using GaN 8x100um HEMTs (@) return loss (b) insertion loss of ON/OFF
states and (c) RF1-to-RF2 isolation

Another key performance trait is the switch linearity, which can be measured using single-tone and two-tone
power sweeps. At 28GHz, the 1dB gain compression occurs at input P1dB=34dBm as shown in Fig. 10a.
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The two-tone IM3 products and C/I ratio are shown in Fig. 10b. The switch has good linearity with a
minimum C/1=25.6dB at Pin=33dBm per tone.

Commercially available products using competing technologies like pHEMT and SOI set the benchmarks for
GaN switch performance [25-26]. The performance described here exceeds the performance of [25] which
provides an insertion loss of 2.4dB, isolation of 34dB, return loss of 17dB (ON state) and 8dB (OFF state)
and input P1db=23dBm at 28GHz.
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Fig. 10. GaN SPDT switch at 28GHz (a) single-tone gain compression and (b) two-tone IM3 products and C/1.

GAN FREQUENCY SYNTHESIS

The number of antenna elements in 5G MIMO systems will increase tremendously. Present demonstrations
of the technology have employed 32 or more [14]. With the increased number of transmitters, new
challenges in accurately generating and distributing coherent local oscillator power will arise. One direct way
of addressing these issues is to amplify the local oscillator power using an amplifier. However, since 5G
carrier signals will initially start in the sub-6GHz range, compatibility with lower frequency cellular carrier
bands ranging from GSM850/900 to DCS/PCS to LTE frequencies is a necessity.

Therefore, a solution to MIMO power distribution and the compatibility with lower frequency carriers may be
solved using high power frequency multiplication to provide adequate power at the desired frequencies.
Eventually the same techniques might be applied for generation of the mm-wave 5G carrier.

The dual functionality of high frequency and high power operation can be achieved using high power GaN
frequency multipliers which can be accurately distributed using a passive network as shown in Fig. 4b.
Nonlinear techniques investigating GaN devices have been developed since the first commercially available
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GaN devices [27]. Frequency multiplication allows GaN devices to provide power at above fT using harmonic

enhancement techniques.

RESEARCH POTENTIAL AND FURTHER INQUIRIES

A wide range of research opportunity for 5G using GaN lay within new technology development, application-

specific device design, device modeling and circuit design. The maturation of GaN is set to converge with

the rise of 5G. Therefore it is critical to investigate the viability of GaN prior to the commercial release of 5G

standards to gain a market advantage.

Echoic Engineering is actively seeking collaboration in the areas of GaN for 5G. Please contact us at
www.echoicrf.com or by email at ksyuk@echoicrf.com.
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