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说说明明

此参考设计基于 LMG1210 半桥 GaN 驱动器和 GaN 功

率 HEMT，实现了一款数兆赫兹功率级设计。凭借高效

的开关和灵活的死区时间调节，此参考设计不仅可以显

著改善功率密度，同时还能实现良好的效率和较宽的控

制带宽。此功率级设计可广泛应用于众多空间受限型和

需要快速响应的 应用 ，例如 5G 电信电源、服务器和

工业电源。

资资源源

TIDA-01634 设计文件夹

LMG1210 产品文件夹

咨询我们的 E2E™ 专家

应应用用

• 高速同步降压转换器

• 包络跟踪

• D 类音频放大器

• 服务器和网络电源

• 工业用电源

特特性性

• 基于 GaN 的紧凑型功率级设计，具有高达 50MHz
的开关频率

• 适用于高侧和

低侧的独立 PWM 输入，或带可调节死区时间的单

一 PWM 输入

• 最小脉冲宽度为 3ns

• 具有较高的 300V/ns 压摆率抗扰性

• 驱动器 UVLO 和过热保护

该 TI 参考设计末尾的重要声明表述了授权使用、知识产权问题和其他重要的免责声明和信息。
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http://www.ti.com.cn/product/cn/LMG1210
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System Description www.ti.com.cn

2 ZHCU454–February 2018

TIDUE47 — http://www-s.ti.com/sc/techlit/TIDUE47
版权 © 2018, Texas Instruments Incorporated

适用于高速直流/直流转换器的数兆赫兹 GaN 功率级参考设计

1 System Description

Switching-mode power supply designers are always pursing higher power density, which requires higher
frequency and efficiency. Compared to silicon FETs, gallium nitride (GaN) and high electron mobility
transistors (HEMTs) exhibit a lower figure of merit, smaller gate charge, faster switching, and no reverse
recovery loss.

This reference design uses GaN power HEMTs and the LMG1210 GaN half-bridge driver to realize a
multi-MHz power stage with high efficiency. The half-bridge driver allows a single PWM input with
configurable dead time or two independent inputs for high-side and low-side gate drive. Dead-time
adjustment can be realized with two resistors for low-to-high and high-to-low transition settings from 0 ns
to 20 ns. In addition, the bootstrap switching action also prevents overvoltage of high-side gate due to
large third quadrant voltage drop of GaN HEMTs.

This power stage can realize 3 ns of minimum on-time and up to a 50-MHz operation frequency. This
design can stand a slew rate of 300 V/ns of common mode transient and provides driver UVLO and
overtemperature protection.

This design can be applied to many space-constrained and fast response required applications such as
5G telecom power, 48-to-POL server power, and industrial power supplies.

1.1 Key System Specifications

(1) With 200 LFPM of airflow on the board to ensure good thermal stability. No additional heat sink used.

表表 1. Key System Specifications

PARAMETER TEST CONDITIONS MIN TYP MAX UNITS
INPUT AND OUTPUT CHARACTERISTICS
Input and output voltage 0 60 V
Input and output current 0 4 5 A
Bias voltage 6 7 18 V
Maximum bias current 100 mA
SYSTEM CHARACTERISTICS
Switching frequency 0.1 1 50 MHz
Slew rate 70 V/ns

Full load efficiency VIN = 45 V, VOUT = 38 V, IOUT = 4 A,
fSW = 10 MHz (1) 96 96.5 97 %

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUE47.pdf
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2 System Overview

2.1 Block Diagram

图 1 shows the block diagram of this design. One half-bridge driver LMG1210 with an external boot strap
diode drives two paralleled half bridges. Four 65-V rated GaN FETs are used as switching devices.

图图 1. TIDA-01634 Block Diagram

2.2 Design Considerations

2.2.1 FET Selection

Switching related losses increase linearly with frequency and can become dominate at multi-MHz
operation. Based on the targeted switching frequency and power level, switching devices should be
carefully selected to realize a balance between RDS(on) and switching related loss.

In this application, GaN HEMT is chosen due to its significant advantages in switching. Typical Si
MOSFETs exhibit high switching loss, including I/V overlap, COSS loss, and reverse recovery loss. With no
reverse recovery, small C OSS, and fast switching speed, GaN FETS are ideally suited for high-frequency
applications. The switching related characteristics are listed as the table below to compare GaN and Si.

Furthermore, it is critical to choose the appropriate GaN HEMT for the specific switching frequency and
load current. With similar figure of merit, smaller C OSS is preferred for high-frequency switching as
switching loss can be dominating under multi-MHz switching. For example, in 表 2, the two GaN FETs
have a similar figure of merit but one of them (EPC2039) has a larger COSS loss. In this design, two FETs
with small COSS are paralleled to achieve both small COSS loss and conduction loss for the targeted load
current.

表表 2. Key Parameter Comparison of Switching FETs

PARAMETER EPC8009 (GaN) EPC2039 (GaN) BSP320S (Si)
Max VDS (V) 65 80 60
RDS(on) (mΩ) 130 25 120
Qg (nC) 0.37 1.91 12
Qgs (nC) 0.12 0.76 1
Qgd (nC) 0.055 0.42 4.7
Qoss (nC) 0.94 7.64 2.25

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUE47.pdf
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表表 2. Key Parameter Comparison of Switching FETs (continued)
PARAMETER EPC8009 (GaN) EPC2039 (GaN) BSP320S (Si)

Qrr (nC) 0 0 80
FOM (Qg × RDS(on)) (nC × mΩ) 48.1 47.75 1440

2.2.2 Capacitor Selection

2.2.2.1 Gate Loop Capacitor

The bypass capacitor for the LMG120 must be located on the top layer with ground return on the layer
immediately adjacent with a recommended minimal spacing of 5 mils. Also, the placement must be as
close as possible to the IC and connected to both VDD and GND using large power planes. This bypass
capacitor has to be at least a 0.1 µF (up to 1 µF) with a temperature coefficient of X7R or better. For this
particular application, it is highly recommended to use low-inductance body types such as LICC, IDC,
feed-though, and LGA. Add another 1-µF to 10-µF bulk VDD decoupling capacitor as well.

In addition, place the VIN decoupling capacitor as close to the device as possible, but this is a lower priority
than the VDD decoupling capacitor.

2.2.2.2 Power Loop Capacitor

The selection of the high-frequency capacitors for the power loop is critical to help minimize the loop stray
inductance. The capacitors have to be selected to allow for the maximum bus voltage and to provide both
enough charge to sustain the current and to provide a minimal inductive path. X7R or better material is
needed to provide stability and low ESR. A mix of 0603 and 0805 is used, where the 0603 capacitors are
in the closest proximity to the power loop and the 0805 capacitors are adjacent to those first capacitors.
Low-inductance, wide-body packages are preferred.

The layout of this section is critical and will be discussed later in this document.

2.2.3 FETs Paralleling

When FETs with smaller COSS and switching loss are selected, switching related loss can be minimized to
allow a high operation frequency of the DC/DC converter. At the same time, conduction loss also needs to
be considered with respect to load condition. When load current is high, two half-bridges can be paralleled
together to increase the current capability of the power stage.

Due to the fast switching of GaN FETs, small parasitic inductance needs to be achieved even when
paralleling the FETs. In this case, a "pseudo-parallel" structure is preferred, which means two half-bridges
are designed with shared gate drive with minimal parasitics. A small inductor is recommended between
the two switching nodes. If no inductor is between the two nodes, small part-to-part variations in the
threshold voltage of the GaN can cause one FET to turn on earlier and absorb a disproportionate share of
the switching losses, thus causing a thermal imbalance.

In addition, it is critical to keep identical layout loops between the two legs to achieve similar delay and
gate voltage profile in the switching transient.

2.2.4 Layout Considerations

The layout of the GaN-based power stage requires specific attention to the loop inductance for both the
power loop and gate drive loop. If two half-bridges are paralleled, it is also highly suggested to make the
layout symmetric to achieve a similar performance and parasitics for the two loops.

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUE47.pdf
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图 2 shows a general view of the layout.

图图 2. Layout General View

2.2.4.1 Gate Drive Loop Layout

The following figures show the layout of the gate loop of the upper and lower FETs. To achieve the
minimum loop inductance, the layout of gate loop must follow these rules:

• Have the VDD capacitor or bootstrap capacitor as close as possible to the gate driver because these
traces will be part of the gate loop.

• Use a dedicated Kelvin source or minimum sharing of source trace between the gate loop and main
power loop to achieve the minimum common source inductance. The high di/dt on the main loop can
be easily be coupled to the gate loop to cause decreased switching speed and other negative effects.

• To minimize the gate loop inductance, the ground return path has to be on the adjacent layer with
minimum inter-layer dielectric thickness, and have as much overlap as possible to the driver output. In
this case, the current flow on the input of FET gate is the opposite of the ground current return, which
offsets the magnetic field and reduces PCB stray inductance.

• To keep the return loops as short as possible, micro-vias in pads are used extensively in this design to
further reduce the parasitic inductances and improve the vertical current extraction from components.

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUE47.pdf
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图图 3. Gate Drive Loop Layout for High-Side FET

In certain circumstances that require paralleled FETs, the following rules help achieve better symmetry
and at the same time minimize the gate loop inductance.

• Place the paralleled FETs with similar distance to the output of the driver. Have the FET gate loop
traces laid out on different layers to keep the traces with identical length to the FETs.

• Keep the identical return paths on different layers, and make sure that for each FET, the return ground
layer is on the adjacent layer of its dedicated gate path to minimize the stray inductance.

图 4 and 图 5 show the gate loop layout of this reference design with two FETs paralleling.

图图 4. Gate Drive Path for Paralleled FETs 图图 5. Return Path of Paralleled FETs Gate Drive

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUE47.pdf
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2.2.4.2 Power Loop Layout

The layout of power loop is also aimed at minimizing stray inductance. To realize a small power loop:

• Place ceramic capacitors with a small package as close to the devices as possible. These capacitors
are usually better in frequency response and have a high bandwidth to absorb high-frequency noise
generated during switching.

• A very compact component placement is needed. Place the upper and lower FETs side by side, and
use the layer immediately beneath for the return path. Use micro-vias (filled) in the pads to help keep
the loop short.

• Have the return pass overlapped with the topside current path to create an opposite magnetic field.
This field helps cancel the magnetic field in the loop and reduce the inductance.

• Minimize the overlap between switching node and ground/Vin copper. This overlap avoids the extra
parasitic capacitance, which adds to COSS of FETs. If not designed well, the parasitic capacitors can
generate significant loss at high switching frequency.

图 6 shows the size of the power loop is 2.5 mm × 4.3 mm. The 6800-pF capacitors are placed closest to
the FETs, while other larger capacitors are placed further in a line. The return path is placed right
underneath the top layer trace through micro-vias, spaced by the inter-layer dielectric thickness.

图图 6. Power Loop Layout For a Half-Bridge

When paralleled FETs are used, they are laid out in a "pseudo-parallel" structure to have a minimized
loop. This structure means two legs are laid out separately but share the same gate driver. The power
loops of both half-bridges are laid out in a very symmetric pattern. The component placement and copper
shapes are all symmetric. This structure helps achieve very similar loop characteristics in switching and
conduction.

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUE47.pdf
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The switching nodes are connected with some PCB trace as small inductors in between (for more
information, see 节 2.2.4.1). Depending on the selected FETs and operation voltage, the needed
inductance between the two nodes can be varied. In this case, PCB trace inductors are used. In a
practical design, these inductors can be replaced by external wires to obtain more flexibility on inductance
values.

图图 7. Symmetric Power Loop Layout for Paralleled Half-Bridges

2.2.5 Dead Time Optimization

There are two modes of inputs to enable the HS and LS outputs of the driver LMG1210: PWM mode and
independent mode.

For PWM mode, two separate resistors set up the high-to-low and low-to-high transition dead times from 0
ns to 20 ns. With one input, two output signals can be generated. For independent mode, two independent
signals are used to control the HS and LS switches.

An appropriate dead time is critical in a multi-MHz power stage design. GaN HEMTs are majority carrier
devices, which lack the typical body diode present in MOSFETs. The conduction in the third quadrant is
still possible through internal gate biasing, which causes a higher voltage drop in the channel due to the
activation voltage and the channel resistance (while in linear mode). This drop is what is experienced
during dead time. The voltage drop produces a loss, which is directly proportional to frequency, current,
and time spent in the dead time. This loss can significantly degrade efficiency, especially in converters
operating at high frequency and low input or output voltages. For example, in a 12-V to 1.8-V buck
converter operating at 5 MHz and 10-A output, going from a dead time of 1 ns to 10 ns can degrade
efficiency by 8.5%.

http://www.ti.com.cn
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To minimize the dead time and its associated loss, the low-side and high-side propagation delay mismatch
of the driver must be predictable and unaffected by part-to-part variation, temperature, bootstrap voltage,
HS pin voltage, or HS slew rate. 表 3 summarizes the mismatch variations of the LMG1210 for these
parameters. With the minimum variation of delay time in different effects with the LMG1210, the smallest
dead time can be achieved, which results in much improved efficiency in the multi-MHz power stage.

In most converters, one edge is soft-switched. To avoid hard switching and maintain a small effective
dead time on this soft-switched edge, the dead time must be varied depending on load current. For the
other hard-switched edge, it is optimal to pursue the fixed minimum dead time when considering these
variations.

表表 3. Variation of Dead Time by Different Factors for LMG1210

EFFECT

EDGE
HIGH-OFF TO LOW-ON (HARD-SWITCHING

EDGE)
LOW-OFF TO HIGH-ON (SOFT-SWITCHING

EDGE)
PARAMETER
VARIATION

LMG1210 VARIATION
(ns)

PARAMETER
VARIATION

LMG1210 VARIATION
(ns)

Variation of HS None (VIN) 0 Minimal 0
Variation of Vbst 4 V to 4.5 V 0.3 4 V to 4.5 V 0.3
Variation of CMTI None 0 10 V/ns to 100 V/ns 0.2
Intrinsic driver variation 0.7 0.7
Total variation in dead
time 1 1.2

2.2.6 Inductor Selection

The EVM comes equipped with a 1-µH, 9-A inductor. If a different operating point in frequency, voltage, or
current ripple is desired, it is likely that a new value of inductor will be more suited.

When selecting the new inductor, the value of the inductor must respect the value found from 公式 1:
I i n d ≥ V B U S m i n ( I L _ s a t , I F E T _ D C m a x ) · t o n (1)

where:

• VBUS is the bus voltage across the power stage

• ton is the on-time of the upper FET (active FET)

• IL_sat is the inductor saturation current

• IFET_DCmax is the allowed maximum DC current of switching FETs

2.3 Highlighted Products

2.3.1 LMG1210

The LMG1210 is a 200-V, half-bridge, high-performance GaN FET driver designed for applications that
require high switching speed, low dead time, and high efficiency. The drive voltage is precisely controlled
by an internal linear regulator to 5 V when higher auxiliary voltages are used.

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUE47.pdf
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The LMG1210 is optimized to operate at very high frequencies. The extremely small mismatch and
propagation delay of this device allows reduced dead time requirements. Additional parasitic capacitance
across the GaN FET is minimized to less than 1 pF to reduce additional switching losses. An external
bootstrap diode is used to charge the high-side driver to allow optimal selection for the circuit operating
conditions. An internal switch turns off the bootstrap diode when the low side is not on, effectively
preventing the high-side bootstrap from overcharging and minimizing the reverse recovery charge when a
silicon diode is used as the bootstrap diode.

The driver can operate either with dual inputs with independent control of each driver or can be operated
with a single PWM input with an independently adjustable dead time from 0 ns to 20 ns for each edge.
The LMG1210 operates over a wide temperature range from –40°C to +125°C and is offered in a low-
inductance QFN package.

http://www.ti.com.cn
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3 Hardware, Software, Testing Requirements, and Test Results

3.1 Required Hardware
• DC voltage source: Capable of supplying the input of the board up to 60 V as desired; capable of

supplying 10 A and supports current limiting

• DC bias source: Capable of 6-V to 18-V output at up to 0.3 A

• Oscilloscope: Capable of at least a 200-MHz operation, using oscilloscope probes with a "pigtail"
spring ground clip instead of the standard alligator clip

• DC multimeters: Capable of 100-V measurement, suitable for determining operation and efficiency (if
desired)

• DC load: Capable of 100-V operation at up to 10 A in constant current-mode operation

• Function generator: Single output for PWM mode, dual synchronous output for independent mode;
capable of at least 0-V to 3-V signal (operating maximum digital input is 5 V)

• Fan: 200LFM minimum airflow is recommended to cool the PCB when operating above a 10-A output
current

• (Optional) Power meter: Capable of 100-V operation at up to 10 A

3.2 Testing and Results

3.2.1 Test Setup

Connect the input and bias supplies and DC electronic load as shown in 图 8.

http://www.ti.com.cn
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图图 8. Top View of TIDA-01634 Hardware

To get rid of the high-frequency noise induced by the probe parasitics, use the small pigtails without the
probe clips. This minimizes measurement error and produces a cleaner signal with the fast switching GaN
devices used on this reference design. The data shown in this design guide is obtained using this method.

http://www.ti.com.cn
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图图 9. Low Parasitic Measurement Setup

To obtain the best performance of this board:

• Thermal: The parts used on this board are extremely small. If the dissipation exceeds 2 W, actively
cool the board (as it has no heat-sink) using a fan or a similar device.

• Voltage spikes: As the test is running, whenever increasing the voltage and the current, it is important
to monitor the voltage on the switched node to ensure the peak voltage does not exceed the 65-V
rating of the EPC8009 FETs as those could damage the components.

• Additional capacitance on switched nodes: Typically, the method to observe the voltage at the high-
side gate and the switched node is using a voltage probe. These probes come with several tens of pF
of capacitance, which given the frequency can negatively impact efficiency. For precise efficiency
measurements, remove all probes connected to switching nodes.

http://www.ti.com.cn
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3.2.2 Test Results

3.2.2.1 Efficiency

图 10 shows the efficiency results in this section, which exclude driver losses. The power stage is running
at 10 MHz with a 85% duty cycle with respect to different output current.

图图 10. Power Stage Efficiency With EPC8009 1-µH Inductor, Running at 10 MHz 85% Duty Cycle vs Output
Current

3.2.2.2 Dead-Time Tuning

Tuning the dead time correctly for high-speed application can greatly improve performance. Pay attention
when tuning the dead time of the two FETs before applying the input voltage.

图 11 shows the effect of changing the dead time on a sub-optimal design. The values refer to the
transitions high-to-low first (first number) and low-to-high (second number).

It is possible to see a direct impact of any dead time on the low side turning on (as this contributes to
third-quadrant conduction losses). For the high-side turnon dead time, there is an optimal value (that is
dependent on components variation across boards), which is typically between 0 ns and 2 ns.

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUE47.pdf
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图图 11. Effect of Dead-Time Tuning on Efficiency 图图 12. Dead Time Measurement Done at VIN = 0 Showing
High-to-Low Transition Dead Time of 640 ps

3.2.2.3 Switching Waveforms

图图 13. PWM High-to-Low Delay Time 图图 14. PWM Low-to-High Delay Time

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUE47.pdf
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图图 15. HO and LO Outputs of LMG1210
During Startup

图图 16. Power Stage Switching at 10 MHz, 35 V

图图 17. HO and LO Signals When Switching at 40 MHz With No DC Bus Voltage

图图 18. Switching Transient With 70 V/ns on Switching Node

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUE47.pdf
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4 Design Files

4.1 Schematics

To download the schematics, see the design files at TIDA-01634.

4.2 Bill of Materials

To download the bill of materials (BOM), see the design files at TIDA-01634.

4.3 PCB Layout Recommendations

4.3.1 Layout Prints

To download the layer plots, see the design files at TIDA-01634.

4.4 Altium Project

To download the Altium project files, see the design files at TIDA-01634.

4.5 Gerber Files

To download the Gerber files, see the design files at TIDA-01634.

4.6 Assembly Drawings

To download the assembly drawings, see the design files at TIDA-01634.

5 Related Documentation
1. Texas Instruments, Using the LMG1210EVM-012 300 V Half-Bridge Driver for GaN User's Guide
2. Texas Instruments, LMG1210 200-V, 1.5-A, 3-A Half-Bridge GaN Driver With Adjustable Dead Time

Data Sheet
3. Texas Instruments, Optimizing Efficiency Through Dead Time Control With the LMG1210 GaN Driver

Application Report

5.1 商商标标

E2E is a trademark of Texas Instruments.
All other trademarks are the property of their respective owners.
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德州仪器 (TI) 公司提供的技术、应用或其他设计建议、服务或信息，包括但不限于与评估模块有关的参考设计和材料（总称“TI 资源”），旨在
帮助设计人员开发整合了 TI 产品的 应用； 如果您（个人，或如果是代表贵公司，则为贵公司）以任何方式下载、访问或使用了任何特定的
TI 资源，即表示贵方同意仅为该等目标，按照本通知的条款进行使用。
TI 所提供的 TI 资源，并未扩大或以其他方式修改 TI 对 TI 产品的公开适用的质保及质保免责声明；也未导致 TI 承担任何额外的义务或责任。
TI 有权对其 TI 资源进行纠正、增强、改进和其他修改。
您理解并同意，在设计应用时应自行实施独立的分析、评价和 判断， 且应全权负责并确保 应用的安全性， 以及您的 应用 （包括应用中使用
的所有 TI 产品））应符合所有适用的法律法规及其他相关要求。你就您的 应用声明，您具备制订和实施下列保障措施所需的一切必要专业知
识，能够 (1) 预见故障的危险后果，(2) 监视故障及其后果，以及 (3) 降低可能导致危险的故障几率并采取适当措施。您同意，在使用或分发包
含 TI 产品的任何 应用前， 您将彻底测试该等 应用 和该等应用所用 TI 产品的 功能而设计。除特定 TI 资源的公开文档中明确列出的测试
外，TI 未进行任何其他测试。
您只有在为开发包含该等 TI 资源所列 TI 产品的 应用时， 才被授权使用、复制和修改任何相关单项 TI 资源。但并未依据禁止反言原则或其他
法理授予您任何TI知识产权的任何其他明示或默示的许可，也未授予您 TI 或第三方的任何技术或知识产权的许可，该等产权包括但不限于任
何专利权、版权、屏蔽作品权或与使用TI产品或服务的任何整合、机器制作、流程相关的其他知识产权。涉及或参考了第三方产品或服务的信
息不构成使用此类产品或服务的许可或与其相关的保证或认可。使用 TI 资源可能需要您向第三方获得对该等第三方专利或其他知识产权的许
可。
TI 资源系“按原样”提供。TI 兹免除对 TI 资源及其使用作出所有其他明确或默认的保证或陈述，包括但不限于对准确性或完整性、产权保证、
无屡发故障保证，以及适销性、适合特定用途和不侵犯任何第三方知识产权的任何默认保证。
TI 不负责任何申索，包括但不限于因组合产品所致或与之有关的申索，也不为您辩护或赔偿，即使该等产品组合已列于 TI 资源或其他地方。
对因 TI 资源或其使用引起或与之有关的任何实际的、直接的、特殊的、附带的、间接的、惩罚性的、偶发的、从属或惩戒性损害赔偿，不管
TI 是否获悉可能会产生上述损害赔偿，TI 概不负责。
您同意向 TI 及其代表全额赔偿因您不遵守本通知条款和条件而引起的任何损害、费用、损失和/或责任。
本通知适用于 TI 资源。另有其他条款适用于某些类型的材料、TI 产品和服务的使用和采购。这些条款包括但不限于适用于 TI 的半导体产品
(http://www.ti.com/sc/docs/stdterms.htm)、评估模块和样品 (http://www.ti.com/sc/docs/sampterms.htm) 的标准条款。
IMPORTANT NOTICE

邮寄地址：上海市浦东新区世纪大道 1568 号中建大厦 32 楼，邮政编码：200122
Copyright © 2018 德州仪器半导体技术（上海）有限公司
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