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Abstract

Phased array radar, with its electronic scanning, high reliability, and multifunctionality,
has become a core equipment for unmanned aerial vehicle detection, modern air defense,
meteorological monitoring, and satellite communication. The T/R module is the core
equipment of active phased array radar, and its performance largely determines the per-
formance of the phased array. At the same time, the application scenario requires rela-
tively high transmission gain and transmission power, so attention should be paid to its
heating situation. In addition, the overall size requirements for components are gradually
becoming stricter, and miniaturization has become a trend in the development of T/R
modules. This paper presents a four channel T/R module in X-band based on LTCC tech-
nology. In order to reduce weight and have high-density electronic devices, this module
uses the latest technologies such as low-temperature cofired ceramic substrate (LTCC),
Monolithic Microwave Integrated Chip (MMIC), MIC assembly process, and are hermet-
ically sealed. The transmission channel of this module has high gain and high power, and
the RF signal is transmitted through an eight layers LTCC board to reduce interference
between adjacent signal transmission lines and reduce the module size at the same time.
The method of dividing the transmission and reception channels using a metal shell frame
reduces crosstalk between the input and output ports of the transmission channel. Good
heat dissipation design ensures the thermal management of the module. The test results
show that the size of the TR module is 70 mm * 55 mm * 10 mm, the transmission power
is 2 39 dBm, the reception gain is >28 dB, and the noise figure is <3 dB.
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1. Introduction

Each antenna element in an active phased array is equipped with a dedicated TR
Module (Transmitter and Receiver Module). By controlling the amplitude, phase, and de-
lay information of the output signal from the component, diverse excitation signals can
be provided for the antenna elements. Compared to traditional mechanical scanning ra-
dar, active phased array does not rely on motor rotation to change the orientation of the
antenna array. The radiation signals of each antenna element can complete beamforming
in the transmission space, thereby achieving a wider range of radiation coverage, with
strong beam adjustment capability and reliability. Therefore, the performance of TR com-
ponents largely determines the quality of phased array performance.
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As a high-end phased array application, spaceborne active phased array is mostly
used in fields such as satellite ground data transmission, inter satellite links, remote sens-
ing detection radar, etc [1,2]. Among them, ground telemetry spaceborne active phased
array radar [3] represented by SAR (Synthetic Aperture Radar) usually has a super large
array scale, and has extremely high requirements for array performance such as power
consumption, size, weight, operating range, measurement accuracy, etc. Traditional
spaceborne SARs are mostly composed of brick type TR components, but they occupy a
large flat area, which is not conducive to miniaturization design. To further reduce the
size and weight of the radar array, TR components are gradually transitioning from brick
type structures to tile type structures (As shown in Figure 1).
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Figure 1. Ka band phased array tile type T/R module with 8 * 8 antenna array. (Developed by IMST
GmbH Center in Germany in 2009).

As the core component of active phased array, TR module feeds each antenna ele-
ment, resulting in tens of thousands of integrated components in a radar system. There-
fore, the ability to design TR components with high performance, high reliability, and low
cost will directly affect the overall performance and manufacturing cost of the radar sys-
tem. Components typically contain active components such as driver amplifiers, power
amplifiers, and low-noise amplifiers, as well as passive components such as limiters, cir-
culators, attenuators, and power dividers (As shown in Figure 2). Optimizing the trans-
mission and reception channel structure and selecting appropriate chips can produce TR
components that meet the required specifications, taking into account technical risks, de-
sign cycles, and design costs. At the same time, the application scenario requires relatively
high transmission gain and transmission power, so attention should be paid to its heating
situation. In addition, the overall size requirements for components are gradually becom-
ing stricter, and miniaturization has become a trend in the development of T/R modules.
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Figure 2. Detailed structural diagram of common single channel TR components.

In order to reduce weight and have high-density electronic devices, the module uses
the latest technologies such as low-temperature cofired ceramic substrate (LTCC), Mono-
lithic Microwave Integrated Chip (MMIC) [4], MIC assembly process, and are
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hermetically sealed. Separating adjacent RF routing layers by an eight layers LTCC board
to reduce crosstalk between different RF lines. Although the cost per unit area of LTCC
substrate is higher, blind holes and irregular cavities have higher costs in traditional sub-
strates. When high integration is required, LTCC technology can actually reduce costs and
wiring area. The design of high-power T/R modules often encounters component heat
dissipation issues. This article optimizes the heat dissipation process by lining the 28 V
power amplifier chip with molybdenum copper and directly bonding it to the metal alu-
minum outer box; And add metal partition walls to better reduce the impact between
chips [5,6].

2. Component Design
2.1. Scheme Analysis

According to the requirements of phased array radar equipment, an X-band (8-12
GHz) four channel TR component has been designed, and its schematic diagram is shown
in Figure 3. This component consists of a transmission channel, a reception channel, a
power management, and an amplitude and phase control chip. The amplitude and phase
multifunctional chip adopts half duplex communication and can switch between trans-
mission and reception modes [7,8]. In both transmission and reception modes, it can
achieve amplitude adjustment of 0.5 dB steps within the range of 0-31.5 dB and phase
adjustment of 5.625° steps within the range of 0-360°. The four transmission channels are
all led out by amplitude and phase multifunctional chips, which form a two-stage ampli-
fication link through driver amplifiers and power amplifiers to achieve high-power out-
put; Four receiving channels enter the amplitude phase multifunctional chip through a
limiter and LNA, ensuring low-noise amplification without damaging the chip. The trans-
mission and reception paths of a single channel are separated by a ring resonator and
share an antenna.
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Figure 3. Schematic diagram of single channel transmission and reception of four channel TR com-

ponents.

2.2. Module Structure

The X-band TR component uses a four channel amplitude phase multifunction chip
and four ring isolators in the common branch. A 5 V GaAs driver amplifier and a 28 V
GaN power amplifier chip were used in the transmission branch. A limiter and GaAs low-
noise amplifier chip are used in the receiving branch. In addition, the TR component also
requires an external control terminal for a multifunctional chip.

The X-band TR module is a module assembled through micro-assembly technology
and hermetically sealed technology [9]. In response to the design difficulties of complex
functions, small size, high gain, and high output power, an eight layer LTCC board is used
as the RF substrate to optimize the complex circuit routing design into a small module,
achieving the miniaturization design of TR modules. Considering the high thermal con-
ductivity of the box material, compatibility with the thermal expansion coefficient of the
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internal material, high strength and ease of processing requirements, the shell made of Al-
27 Si material was chosen for structural design [10]. Using molybdenum copper blocks as
28 V amplifier chip carriers and directly bonding them to the metal shell to optimize the
heat dissipation effect of high-power chips; At the same time, metal partition walls are
used to isolate each chip cavity, avoiding mutual interference and crosstalk between chips
and channels, ensuring the isolation of high-power TR module transceiver branches,
achieving stable high-power output and good heat dissipation. The three-dimensional
structure diagram of the module is shown in Figure 4.

Figure 4. Internal 3D modeling of components and TR channel cavity diagram.

2.3. Thermal Analysis of TR Module

As a first step, the high dissipating electronic devices and their attachment mecha-
nisms are noted once the product design is initiated. The TR module is mainly composed
of high-power amplifier, low-noise amplifier, amplitude and phase control chip, LTCC,
etc. The transmission channel in the TR module is the main heating module, with the av-
erage heating power of the driver amplifier being about 0.05 W, the average heating power
of the power amplifier being about 1.75 W, and the total average heating power of the TR
module being about 7.4 W. The main heat source comes from the 28 V amplifier chip and
affects the entire module through natural and radiative heat dissipation. Using high ther-
mal conductivity molybdenum copper material as a carrier and directly adhering it to the
metal shell to optimize the heat dissipation channel. Keep the metal casing protruding
from here consistent with the LTCC board (As shown in Figure 5), so that the amplifier
chip can be at the same height as other chips.
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Figure 5. Physical picture of the box body and position of the amplifier chip stage.

The thermal analysis of the X-band TR module is conducted in steady-state conduc-
tion mode [11,12]. Table 1 provides the material composition and thermal properties of
most components.

Table 1. Material properties for TR module.

Component Material Thermal Conductivity

(W/mK)
RF substrate LTCC 4
PA GaN 130
DA, LNA GaAs 65
PA carrier MoCu 300
Shell, Lid, wall Al-27 Si 145

With a set of boundary conditions and assumptions, steady state conduction mode
thermal analysis was conducted with a heating power of 7.4 W and a base temperature of
20 °C using Ansys Icepak software. Figure 6 shows the temperature distribution and tem-
perature of each component. The maximum temperature of the power amplifier chip is
89.4 °C, and the maximum temperature of the driver amplifier chip is 89.6 °C. High power
amplifiers are the hotspots of components, which affect recent driver amplifier chips
through radiative heat dissipation. The bottom of the driver amplifier chip is an LTCC
board, which has poor Z-axis thermal conductivity and far inferior heat dissipation con-
ditions compared to the amplifier chip. Although the heating power of the driver ampli-
fier is very low, its temperature is slightly higher than that of the amplifier chip due to the
influence of low heat dissipation efficiency paths and radiation. This is also a validation
of the optimized heat dissipation results for the amplifier chip.
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Figure 6. Simulation diagram of internal temperature distribution of TR component during stable

state.

3. Micro Assembly and Testing Results

We conducted a high-precision micro assembly process based on the dimensions of
TR components. Based on the soldering methods of different components and the differ-
ent types of solder used, we roughly divide the micro assembly process into the following
five parts:

The first step is to solder the capacitor resistor device to the LTCC substrate at a tem-
perature of 240 °C using Sn99Ag0.3Cu0.7 solder; The second step is to use Sn63Pb37 sol-
der to bond the LTCC substrate and J30 connector to the box at 200 °C, and then use ul-
trasonic cleaning water to clean the solder overflowing from the edge of the substrate; The
third step is to first bond the amplifier chip with a molybdenum copper carrier of the same
size in advance, and then use H20E two-component conductive adhesive to bond the an-
nular isolator, microwave board, and chip together, and bake them in an oven at 120 °C
for one hour; The fourth step is to use 25 um gold wire to bond the solder pads of each
chip; Finally, use conductive adhesive to solder the SMP RF connector to the microwave
board and bake at 100 °C for 1 h. The internal diagram of the TR component after micro
assembly is shown in Figure 7.



Eng. Proc. 2025, x, x FOR PEER REVIEW 7 of 10

Figure 7. Internal physical image of TR component after assembly.

Based on the above analysis, an X-band four channel T/R module was developed and
tested, as shown in Figure 8. The measurement results of output power in the transmitting
state are shown in Figure 9, and the gain and noise figure in the receiving state are shown
in Figure 10. It can be seen that the receiving gain is greater than 28 dB, the receiving NF
is less than 3 dB, and the output power is greater than 39.2 dBm. The results of amplitude
and phase consistency testing are shown in Table 2. It can be seen that the amplitude con-
sistency is<+ 1 dB, and the phase consistency is <12°

Figure 8. Physical picture of TR component vector network test.
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Figure 9. Test results of saturated output power with 150 us pulse width, 30% duty cycle, and 15

dBm input signal power.
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Figure 10. Measurement results of receiving gain and NF at a received signal strength of 40 dBm.

Table 2. Amplitude and Phase Consistency.

Transmit Receiving
Phase (°) Amplitude (dB) Phase (°) Amplitude (dB)
CH1 0 0 0 0
CH2 -2~10 0.1~0.6 0~6 0.1~0.7
CH3 0~12 0.3~0.7 2~10 0.6~1.6
CH4 -4~8 0.2~0.5 1~7 0.3~0.9
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4. Conclusions

This article proposes an X-band four channel TR module based on LTCC technology
designed specifically for active phased array systems. This module has high reception
gain, low noise figure, and high transmission power. The reception gain is greater than 28
dB, the reception NF is less than 3 dB, and the output power is greater than 39 dBm. At
the same time, it also ensures a certain degree of amplitude and phase consistency be-
tween each channel. And reasonable optimization solutions have been made to address
the possible RF signal crosstalk and heat dissipation issues caused by high power. Based
on the size of the components, we conducted high-precision component micro-assembly
to ensure that the assembly process does not affect the performance of the components.
Compared to ordinary high-frequency board TR components, the use of irregular multi-
layer LTCC substrates requires slightly higher costs, but achieves better RF performance
and overall size reduction. In a word, this module meets the requirements of high inte-
gration and excellent performance, and has shown great prospects in the field of space-
borne active phased array applications.
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