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Abstract—Millimeter-wave (mm-wave) transmitters are often 

fabricated using advanced technology and require a sophisticated 

manufacturing facility. Access to such technologies is often very 

limited and difficult to gain particularly at the initial stage of 

research. Therefore, to increase the accessibility of mm-wave 

transmitters, this study proposes a design that can be assembled 

in a standard microwave laboratory from commercially available 

or externally ordered components. The transmitter demonstrated 

in this paper operates above 100 GHz and is based on a low-

temperature co-fired ceramic board in which the antenna array, 

microstrip lines, and power-supply lines are fabricated in a single 

process. Different technologies are used to assemble the module, 

e.g., wire-bonding, soldering, and wax adhesion. Advantages and 

disadvantages of the proposed design are given based on 

experimental evaluation of the prototype. Although the 

performance of the developed transmitter is not as good as that of 

the similar modules available in the recent literature, the results 

confirm the feasibility of a mm-wave transmitter that is 

assembled without employing advanced technologies and superior 

machinery. 
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I. INTRODUCTION 

YSTEM-IN-PACKAGE transceivers are essential for 

ubiquitous implementation of millimeter-wave (mm-wave) 

communication devices. The integration of fundamental 

building blocks (e.g., amplifiers, frequency multipliers, 

frequency converters, and antennas) has significantly increased 

over the last two decades [1]–[3]. However, the integration of 

directional antenna arrays in mm-wave modules with 

frequencies above 100 GHz remains an interesting topic for 

further research [4]–[7]. The two most popular methods for 

integration of components and antenna into a complete self-

contained module are the antenna-on-chip (AoC) and antenna-

in-package (AiP) methods. 
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In the AoC approach, the antenna is integrated directly in a 

semiconductor die; thus, no high frequency interconnections 

are required [6]–[8]. However, the antenna gain is limited 

because the chip area is confined. Another drawback of the 

AoC is the antenna-performance deterioration because of the 

unfavorable electrical properties of the semiconductor 

substrate (i.e., low resistivity and high permittivity). 

The AiP concept provides more flexibility in the design 

because the antenna can occupy a larger area and can be 

fabricated on a substrate whose electrical parameters are 

tailored for better antenna performance [9]. Typical substrates 

used in the mm-wave AiP include the following: polymer [10], 

highly resistive silicon [11], ceramic-filled 

polytetrafluoroethylene (PTFE) composites [4], organic resin 

laminates [5], quartz [12], and low-temperature co-fired 

ceramics (LTCC) [13]. The last substrate type is a leading 

thick-film technology for AiP. It can be used to manufacture 

robust integrated modules and components suitable for use in 

applications demanding high performance and reliability, such 

as automotive, telecommunication, aviation and space. 

Nowadays, LTCC can be also found in mass produced 

components, particularly in multilayer capacitors and 

miniature antennas. It is also used in integrated mm-wave 

modules that operate up to 80 GHz [14]–[17]. Although many 

designs of LTCC antennas that operate above 80 GHz have 

been published, e.g., 94 GHz [18], 122 GHz [19], 130 GHz 

[20], 140 GHz [21], 159 GHz [22], 270 GHz [23], and 300 

GHz [24], these antennas were not integrated in a mm-wave 

device. Only a few integrated devices that comprise LTCC 

antennas operating at these frequencies have been 

demonstrated [25]. The crucial problem of integrating LTCC 

antennas with transceiver chips is the interconnection loss. 

Wire bonds, which are commonly used as interconnects in 

microelectronics, introduce large transmission loss and 

reflection loss which increases substantially with the 

frequency, making them virtually unusable at frequencies 

above 60 GHz. Therefore flip chip [26] or ribbon bonds [27] 

are often used instead. Nevertheless,  the recent study shows, 

that the wire bonding mounting technology is suitable for 

integration of mm-wave components when applied with an 

adequate manner, for example with consideration of a proper  

matching circuit [28]. In [29] wire bonds are successfully used 

in a 122-GHz silicon-germanium radar transceiver chip for 

integration in LTCC-based package by taking into 

consideration: the typical LTCC manufacturing defects, self-

compensation of wire bonds, and a standard molding 

compound-based encapsulation methodology.  
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Although integrated LTCC devices that operate even at 

frequencies higher than 300 GHz can be found in the literature, 

they do not use LTCC antennas. For example, in [30] the 

antenna of LTCC-based transmitter that operates at 312 GHz is 

integrated as AoC. 

Both AoC and AiP are often complemented with a dielectric 

lens. This concept allows to obtain a relatively high gain (as 

high as 28 dBi [5]) without a large antenna. Antennas used 

together with lens are typically patch antennas [5, 31], 

however, slot [6, 8] and dipole [7] antennas are also suitable. 

The lens is usually made of silicon [8], high-resistive silicon 

[6,7], polyamide [4], polyether ether ketone (PEEK) polymer 

[31], or high density poly ethylene (HDPE) [12]. Comparison 

of AoC designs is given in Table I. 

In this paper, we present a mm-wave AiP transmitter that 

operates above 100 GHz and is composed of a two-element 

antenna array on an LTCC substrate, a monolithic microwave 

integrated circuit (MMIC), and other components integrated 

into a single package. The antenna performance is enhanced 

with the application of a silicon lens.  

This paper is organized as follows: Section II describes the 

transmitter design; Section III presents the measurements of 

the manufactured device; finally, Section IV provides the 

conclusions. 

II. TRANSMITTER DESIGN 

A general diagram of the transmitter design is shown in Fig. 

1. It is composed of the front-end MMIC, matching circuit, 

antenna array, LTCC board, and silicon lens. These elements 

are either custom designs or commercially available off-the-

shelf (COTS) components. 

A. MMIC 

The main functions of the MMIC are to multiply the 

frequency of the external local oscillator (LO) signal by eight 

and amplify its power to compensate the conversion loss. The 

MMIC is realized in a silicon-germanium (SiGe) technology 

(SG13S SiGe:C BiCMOS process by IHP) and comprises four 

main blocks: 
 

• Balun (single-ended to differential) at the input 

• Frequency multiplier (×8) composed of three stages of 

frequency doublers in which each has a resonant output 

circuit (all stages are identical, however, with individual 

frequency tuning) 

• Balun (differential to single-ended) 

• Power amplifier (PA) at the output. 

 

The design of power amplifier is based on three-stage 

cascode topology with impedance matching circuits at input 

and output. Each amplifier stage is built with bipolar 

transistors. The main advantage of cascode design is 

minimized influence of parasitic capacitances of transistors. It 

is widely used in bipolar RF amplifier ICs. Output of the 

amplifier is matched to 50 Ω. 

Five MMIC samples were measured on-wafer using probe-

station measurement setup to determine their characteristics 

and output-power spread [32]. The measurement results are 

shown in Fig. 2. The power of the input signal at frequency fLO 

swept in a range from 11.25 to 17.5 GHz was set to −5 dBm. 

The maximum power level measured at the MMIC output was 

−12.7 ± 2 dBm at frequency fRF = 108.5 GHz. 

 
Fig. 2. Measured output power of MMIC (five samples tested) [32] 
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Fig. 1.  General diagram of transmitter with experimental setup 
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TABLE I 

OVERVIEW OF MM-WAVE TRANSMITTERS (TX) AND TRANSCEIVERS (TX/RX) INTEGRATED WITH ANTENNA AND LENS 

Frequency Type Integration Substrate Antenna type Type of lens Material of lens EIRP/Gain Ref 

78 GHz Tx AiP eWLB two-element patch antenna array Hemispheric rod PEEK polymer 18.5 dBm / >12dBi [31] 

122 GHz Tx/Rx AoC Silicon Circularly polarized slot antenna n/a High-resistivity silicon n/a / 16 dBi [6] 

130 GHz Tx/Rx AiP RO3003 Differential patch antenna Hyper-hemispherical Polyamide n/a / 21.5 dBi [4] 

130 GHz Tx/Rx AiP Organic 2×2 slot-fed patch antenna array Elliptical dome ABS-M30 33 dBm / 28 dBi [5] 

180 GHz Tx AoC Silicon Dipole antenna Hyper-hemispherical High-resistivity silicon n/a / 17.2 dBi [7] 

300 GHz Tx AiP PCB/Quartz Stacked patch Elliptical HDPE 20 dBm / 23 dBi [12] 

420 GHz Tx AoC SiGe 8×8 circular slot antenna array Hyper-hemispherical Silicon Power: 10.3 dBm [8] 
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B. Matching Circuit 

The MMIC was connected to the circuit on the LTCC board 

using bond wires (Fig. 1). To compensate the bond-wire 

inductance at the MMIC output, an LCL (inductance-

capacitance-inductance) interconnect matching circuit was 

used [29]. This circuit is constructed by introducing an 

additional pad between MMIC and antenna feed line serving as 

a capacitor and connecting it with bond wires on both sides 

serving as inductive components. 

C. Antenna Array 

The designed antenna array is composed of two series-fed 

patch antennas. A photograph that illustrates the dimensions of 

the antenna array is shown in Fig. 1. A 70-μm thick (fired) 

41110-T LTCC foil from ESL ElectroScience was used as a 

substrate. This material is suitable for microstrip antennas 

because of its low permittivity (εr = 4.05) and low loss tangent 

(tgδ = 0.006) at mm-wave frequencies [33] as well as 

negligible firing shrinkage in the plane parallel to the patch 

[34]. 

D. LTCC Board 

The LTCC board is shown in Fig. 3. It is made of two layers 

of 70-µm-thick LTCC foil placed on the top of a 0.5-mm-thick 

alumina plate. The middle ground plane separates the two 

LTCC layers. Therefore, only a single layer accounts for the 

design of the antenna array and 140-µm-wide microstrip 

antenna feedline. The second transmission line interconnects 

the MMIC and coaxial connector. This line requires a thicker 

substrate than the antenna array to match the microstrip line 

width with the diameter of the coaxial connector center pin and 

simultaneously maintain a 50 Ω impedance. Therefore, the 

middle ground plane has a cutout, which doubles the thickness 

of the LTCC substrate under the line. 

To connect the wide microstrip line near the coaxial 

connector to a narrow line near the MMIC, a special transition 

is designed and applied at the edge of the ground plane cutout 

to achieve line-impedance continuity [35]. 

Conductive walls are buried along the perimeter of the 

middle ground plane and along the cutout edges to provide a 

good electrical connection between the two ground planes and 

coaxial connector. This solution achieves better high frequency 

performance than typical vias due to lower inductance and 

resistance of conductive walls. The bonding pads are coated 

with gold paste to provide compatibility with the gold bonding 

wires. Besides high frequency connections, LTCC board is 

used for MMIC power supply connections with local 

decoupling. 

E. Lens 

A high-resistivity silicon plano-convex lens with a diameter 

of 12.7 mm, thickness of 3 mm, and curvature radius of 23.77 

mm is suspended over the antenna array (Fig. 4) to focus the 

beam, hence increasing the EIRP. The lens is attached using a 

thin layer of wax adhesive to an impedance matching board 

made of a 0.305-mm-thick Rogers RO4003C microwave 

substrate (εr = 3.55). The matching board constitutes a quarter-

wave impedance transformer that provides impedance 

matching between the silicon and air at the planar surface of 

the lens. The convex surface of the lens was not covered by the 

transformer layer due to technological difficulties in applying 

such a layer to non-planar surface. Therefore it can still 

introduce some reflections. Fig. 5 shows the comparison of the 

field distributions of the plane wave incident to the convex 

surface of the silicon lens with (Fig. 5a) and without (Fig. 5b) 

Fig. 3. LTCC board: (a) Top view; (b) Side view (cross-section, not to scale) 
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Fig. 5. Electromagnetic simulation of the electric field magnitude distribution 

of a plane wave approaching from the left side (0 dBV/m amplitude). 
(a) Wave propagating through the silicon lens without an impedance matching 

board. (b) Wave propagating through the silicon lens with an impedance 
matching board. 
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the impedance matching board at 108.5 GHz. The field 

distributions were calculated using MLFMM method 

implemented in Altair FEKO electromagnetic simulator. As it 

can be observed, the transformer significantly reduces the 

reflections from the lens and increases the electric field 

intensity at the focal point. The transformer board also serves 

as a mechanical suspension for the lens. In addition, a 

supporting board made of glass-reinforced epoxy laminate 

(FR4) is used to increase the construction stability.  

Distance d between the matching board and antenna array 

(Fig. 4) can be adjusted using replaceable spacers for fine 

tuning of the focus. The nominal focal length of the lens 

determined from the geometrical optics principles equals 9.8 

mm. However, as can be seen in Fig. 5, the maximum of the 

electric field distribution is located in the closer distance, at 4.3 

mm in both cases with and without the impedance transformer. 

This discrepancy results from a strong spherical aberration of 

spherical lens coinciding with diffraction effects. The beam 

focus zone is elongated, therefore the tolerance of the distance 

between lens and antenna array is high. However, the space 

confined by LTCC board and lens can form a parallel-plate 

resonator (the effect not shown in Fig. 5). In that case the 

distance d will have to be precisely adjusted to achieve 

maximal transmitter performance. 

III. MEASUREMENTS 

The assembled transmitter module is shown in Fig. 6. The 

module was measured according to the setup shown in Fig. 1. 

The instruments used in the measurements included the 

Agilent Technologies PNA-X N5245A vector network 

analyzer (VNA), VDI WR8 waveguide frequency extender 

(VNAX), a high-gain horn antenna, and a programmable 

rotary table. Both the device under test and the frequency 

extender with the horn antenna were mounted on the precision 

positioning devices allowing accurate alignment. Distance 

between the antennas (1.04 m) were chosen to fulfill far field 

measurement condition. VNA serves as a tunable generator of 

LO signal (13.125 GHz < fLO < 14.125 GHz) as well as a 

receiver of a mm-wave signal (105 GHz < fRF < 113 GHz), 

which is down-converted by VNAX. The EIRP of the 

transmitter is determined from the link budget of the 

experimental setup, i.e., 
 

 EIRP = 𝑃Rx − 𝐺VNAX − 𝐺Rx + 𝐿FS, (1) 
 

where 𝑃Rx denotes the level of power recorded in the internal 

VNA receiver, 𝐺VNAX is the VNAX conversion gain, 𝐺Rx is the 

receiving antenna gain, and 𝐿FS is the free-space loss. 

The EIRP measured when lens distance d was varied from 3 

to 8.5 mm at a frequency of 108.5 GHz is shown in Fig. 7. The 

EIRP fluctuated with the lens distance at a period of 

approximately 1.4 mm (half of the wavelength). Despite the 

application of the impedance transformer to the planar surface 

of the lens, the convex surface could still cause reflections, 

resulting in the observed effect. This result indicates that the 

adjustable fixture formed a type of parallel-plate resonator. 

Therefore, the distance needs to be precisely adjusted to 

achieve optimal performance (with approximately 0.1 mm 

precision). The highest EIRP (−3.8 dBm) was obtained at d = 

3.84 mm. This distance was used for further measurements. It 

can be noticed that the distance of maximum EIRP 

corresponds well to the lens focal point distance from Fig. 5b. 

Also the consecutive maxima in Fig. 7 are only slightly weaker 

than the first one, which reflects elongated beam focus zone 

visible in Fig. 5b. 

 

The frequency characteristics of the EIRP for the transmitter 

module with and without the lens are shown in Fig. 8. The 

highest EIRP value of −3.8 dBm was measured for the 

transmitter with the lens at 108.5 GHz. The 3-dB bandwidth of 

the device equals 2.2 GHz (from 107.5 to 109.7 GHz). The 

application of the lens has improved the EIRP by 

approximately 10 dB compared with that in the module 

without the lens. 

 
 

Fig. 8. Measured EIRP versus frequency 
 

 
 

Fig. 7. EIRP versus distance d measured at 108.5 GHz 

 

Fig. 6. Assembled transmitter module 
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The radiation patterns measured at the frequency of 108.5 

GHz are shown in Fig. 9. The lens narrowed the beam in both 

E- and H-planes. The 3-dB beamwidth was equal to 15.5° in 

the E-plane and 15° in the H-plane. According to [36], the 

directivity estimated on the basis of the beamwidths equals 

22.5 dBi. 

 
 

Fig. 9. Radiation patterns measured at 108.5 GHz 

 

To accurately estimate the gain of the antenna with the lens 

and the whole mm-wave circuitry, the output power of the 

MMIC must be known. However, in our case, the output 

power could not be directly measured for the particular MMIC 

sample mounted in the structure. The output power of  

−12.7 dBm was assumed based on the typical value of the 

other measured specimens (Fig. 2). With this assumption, the 

gain could be estimated from measured EIRP to be 

approximately 8.9 dBi. The ~13.6-dB difference between the 

gain and directivity indicates loss in the system. Such a high 

value could be attributed to several reasons. The most probable 

are the following: 

• The output power of the specific MMIC used may be lower 

that assumed; 

• Bond-wire interconnect might not be fully compensated by 

the matching circuit and could radiate some energy; 

• The LTCC screen-printed circuit could contribute more 

significantly to the total loss than expected. 

Some loss (roughly 1.5 dB) was caused by the reflection from 

the convex surface of the lens, which was not covered by an 

anti-reflective coating (calculated from reflection on boundary 

between free space and silicon). The intrinsic lens loss were 

considered to be less significant because the lens is made of 

high-resistivity silicon. Assuming 1 kcm resistivity of the 

silicon the losses in the lens is estimated to 0.05 dB at the 

frequency of 108.5 GHz on the basis of electromagnetic 

simulations. Considering that resistivity of high resistivity 

silicon is typically higher than 1 kcm, this effect is 

negligible. 

IV. CONCLUSIONS 

The AiP transmitter presented in this paper integrates 

components fabricated in different technologies. It operates 

above 100 GHz with peak EIRP of −3.8 dBm at 108.5 GHz. Its 

assembly is based on simple and popular methods and does not 

require complex machinery. The most advanced machine used 

for the assembly of the prototype described in this paper is a 

basic wire bonder that only supports thin wires infamous for 

poor performance at frequencies above 100 GHz. Therefore, 

its negative influence is alleviated to some extent by the 

matching circuit. Additionally, the losses in the wire bonds and 

microstrip lines are compensated by the silicon lens suspended 

over the antenna array, which narrows the beam and increases 

the EIRP. The lens performance is enhanced by attaching an 

impedance transformer, made of a microwave laminate, to its 

flat surface. The fixture that suspends the lens over the antenna 

array is straightforward and allows fine adjustment. 

One of the main advantages of our design is that the 

assembly does not require sophisticated facilities. Although 

each main part (MMIC, LTCC board, and lens) is obtained 

from professional manufacturers, the integration is possible in 

a typical workshop of an electronic laboratory.  

The other advantage is the modular construction of the 

device, which allows easy replacement and adjustment of 

components; for example, the lens can be replaced, and its 

suspension height can be fine-tuned.  

Although the obtained EIRP is not as good as that of the 

other solutions that use an antenna fabricated on an LTCC 

substrate (Table II), our results show that a cost-effective mm-

wave transmitter that operates above 100 GHz is feasible by 

utilizing the COTS components and commercially available 

technologies at the expense of performance. Nonetheless, room 

for further improvement is still available. For example, the 

efficiency can be increased by the addition of an anti-reflective 

coating to the convex surface of the lens, by shortening or 

elimination of bond-wire interconnections as well as by 

pinpointing and mitigating the losses in the LTCC structure. 

TABLE II 

OVERVIEW OF TRANSMITTERS (TX) AND TRANSCEIVERS (TX/RX) THAT EMPLOY AIP ON LTCC SUBSTRATES 

Frequency Type Antenna type MMIC Type Interconnect Lens EIRP Ref 

60 GHz Tx two-element patch antenna array OOK modulator wire bonding + matching circuit No 10.7 dBm [37] 

60 GHz Tx/Rx 2×2 patch antenna array amplifiers, oscillator and mixers flip chip No 11.6 dBm [38] 

79 GHz Tx/Rx grid array antennas radar front-end wire bonding + matching circuit No 13.1 dBm [15] 

79 GHz Tx/Rx 10×1 and 10×3 patch antenna arrays radar front-end flip chip No n/a [16] 

79 GHz Tx/Rx 5×1 patch antenna arrays radar front-end wire bonding + matching circuit No n/a [17] 

90 GHz Tx four-element patch antenna array phase shifters, amplifiers and mixer flip chip No 10.6 dBm [39] 

122 GHz Tx/Rx 6×6 mushroom antenna arrays radar front-end λ/2 wire bonding No n/a [29] 

108.5 GHz Tx two-element patch antenna array multiplier and amplifier wire bonding + matching circuit Yes −3.8 dBm this work 
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