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The simulation for a high-efficiency millimeter wave microstrip antenna by 
low dielectric loss and wide temperature stable lithium-based microwave 
dielectric ceramics for LTCC applications 
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A B S T R A C T   

As a common flux agent, B2O3–CuO was introduced into Li2TiO3 system to reduce the sintering temperature for 
the requirements of LTCC applications. The optimal mass ratio of CuO to B2O3 was innovatively explored. When 
the mass ratio of CuO to B2O3 increased to 1.2:1.0, excellent microwave dielectric properties were obtained in 
LTMF&LTZN0.892+CB1.2 ceramic of εr = 13.23, Q × f = 62,749 GHz, τf = -2.48 ppm/◦C and the sintering 
temperature was reduced from 1300 to 930 ◦C. In a wide temperature range, the sample still maintain high 
temperature stability of |τf| < 5 ppm/◦C (-40–120 ◦C). Based on the LTMF&LTZN0.892+CB1.2 substrate, a 
millimeter wave microstrip antenna resonated at 30.12 GHz was designed with a considerably high radiation 
efficiency of 93.94% and a signal gain of 4.87 dB. Comprehensive microwave dielectric properties make 
LTMF&LTZN0.892+CB1.2 become a candidate material for LTCC applications.   

1. Introduction 

As an advanced technology for passive integration and hybrid circuit 
packaging, LTCC technology (Low Temperature Co-fired Ceramic) can 
realize the overall firing of the laminated system through substrate 
interconnection and hot pressing of embedded components. Compared 
with traditional technology of device packaging, LTCC has many ad
vantages. For example: (1) Low overall loss of system due to the low 
resistivity of metal electrode materials. (2) Good consistency and high 
reliability of the developed devices. (3) The high-density assembly of 
circuits and the miniaturization of devices are realized due to the multi- 
layer interconnection structure, etc. At present, LTCC technology has 
gradually become the mainstream technology of passive integration, 
which is widely used in many fields such as communications and aero
space [1–4]. 

The performance of LTCC devices greatly depends on the properties 
of the materials, which should meet the following requirements: (1) In 
order to prevent the electrode materials (Au, Ag, Cu) from melting 
during the sintering process, the dielectric material needs to have a low 
sintering temperature (≤ 950 ◦C) (2) To reduce the overall loss of circuit, 
high Q × f value is required for the dielectric material (3) Excellent 

thermal stability is required to ensure the good matching and co- 
sintering of each part during the sintering process [5–7]. In addition, 
considering the requirement of high-speed device for time delay of 
signal transmission, low dielectric constant is necessary for the dielectric 
substrate as well [8,9]. 

In past few years, many researches on LTCC materials were carried 
out. Particularly, as a material without sintering agent, Mo-based LTCC 
ceramics exhibited excellent microwave dielectric properties. For 
example, Shi et al. prepared high-performance Ce2Zr3(Mo0.9W0.1O4)9 
ceramics at 825 ◦C: ԑr = 9.85, Q × f = 22,980 GHz and a satisfactory τf 
value of -1.5 ppm/◦C, which is suitable for LTCC applications in mi
crowave devices [10]. With the development of lithium-based materials, 
Li2TiO3 has attracted great attention due to its good microwave 
dielectric properties: ԑr = 22.14, Q × f = 63,525 GHz, τf = 20.3 ppm/◦C, 
ρ ~3.1 g/cm3 [11]. However, the sintering temperature of Li2TiO3 
system (~1300 ◦C) needs to be further reduced. In the past few decades, 
many researches of Li2TiO3 system for LTCC application have been 
carried out. For example, Zhang et al. prepared 
Li2Ti0.85(Al0.5Nb0.5)0.15O3 + 1.5mol% BaCu(B2O5): ԑr = 20.4, Q × f =
53,290 GHz, τf = 3.6 ppm/◦C [12]. However, the dielectric loss needs to 
be improved. Hao et al. prepared Li2TiO3+2.5 wt% LiF: ԑr = 24.01, Q × f 
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= 75,500 GHz, τf = 36.2 ppm/◦C [13]. While the temperature coefficient 
of the system is still too large. In addition, excellent properties were 
obtained of ԑr = 21.0, Q × f = 51,940 GHz and τf = 1.4 ppm/◦C in 
Li2Ti1− x(Cu1/3Nb2/3)xO3 + 3 wt% H3BO3 ceramic, as it reported by Guo 
et al., and the ԑr value needs to be further reduced in order to lower the 
time delay of LTCC devices [14]. At the same time, considering the 
impact of environmental changes, especially the regional temperature 
differences on the performance of LTCC devices, good temperature 
stability in a wide range is of great significance to the normal perfor
mance of LTCC devices as well [15]. 

Generally speaking, the reduction of sintering temperature is mainly 
achieved by two methods: (1) Chemical processing of highly active 
nano-scale powders [16]. (2) Adding low melting point flux agent [17, 
18]. Compared with the preparation of nano-scale powders, adding flux 
agent is considered as an economical and effective method. As a com
mon flux agent, CuO–B2O3 can be used to reduce the sintering temper
ature of many kinds of materials [19,20]. In previous research of our 
group, 0.892 (Li2TiO3–2wt%MgF2) + 0.108 Li2Mg3

Ti0.92(Zn1/3Nb2/3)0.08O6 (abbreviated as LTMF&LTZN0.892) ceramic was 
prepared at 1280 ◦C with excellent performance of εr = 17.98, Q × f =
145,916 GHz, τf = 0.19 ppm/◦C. Therefore, 1 wt% (CuO–B2O3) was 
mixed into LTMF&LTZN0.892 to reduce the sintering temperature of 
system for LTCC applications and the optimum mass ratio of CuO to 
B2O3 was then explored by means of the analysis of XRD patterns, 

Raman spectra, SEM micrographs and microwave dielectric properties 
of samples. 

As the most precious resource in wireless communication system, the 
band, especially that in low frequency, has been unable to satisfy the 
requirements for massive data transmission. Therefore, higher fre
quency band like millimeter wave has gradually become one of the most 
important directions of 5G development [21,22]. As the core component 
of the wireless communication system, the function of the antenna is to 
transmit or receive electromagnetic waves. Therefore, the quality of 
communication system will be directly determined by the performance 
of antenna. Compared with traditional antennas, microstrip antennas 
have become the mainstream of current wireless communication system 
applications due to the advantages of small size, low cost and easy 
integration, which is mainly composed of dielectric substrate and 
microstrip line pattern [23]. In order to further explore the practical 
application value of the developed LTMF&LTZN0.892+CBx ceramic, a 
high efficiency millimeter wave microstrip antenna was designed and 
stimulated using HFSS software based on the LTMF&LTZN0.892+CBx 
dielectric substrate prepared in this work. 

2. Experimental procedure 

According to the stoichiometric ratio of Li2TiO3 and Li2Mg3

Ti0.92(Zn1/3Nb2/3)0.08O6 (LMTZN), high-purity raw materials of Li2CO3 
(98%, Yuan Li), MgO (98%, Comeo Chemical Reagent), TiO2 (99%, Peng 
Da), ZnO (99.95%, Yuan Li) and Nb2O5 (99.99%, Jiu Jiang) were 
weighted and ball-milled in anhydrous ethanol for 12h. After drying, the 
powders of Li2TiO3 and LMTZN were calcined at 800 ◦C and 1000 ◦C for 
4h, respectively. Subsequently, according to the stoichiometric ratio of 
[0.892 (Li2TiO3–2wt%MgF2 (molar ratio is 0.966:0.034)) + 0.108 
Li2Mg3Ti0.92(Zn1/3Nb2/3)0.08O6]+ 1 wt% (xCuO-B2O3) (abbreviated as 
LTMF&LTZN0.892+CBx hereinafter), MgF2 (99.99%) and xCuO–B2O3 
(CuO, 99%, Yuan Li; B2O3, 98%, Tian Jiang; weight ratio of CuO to B2O3 
was 0.8:1.0, 1.0:1.0, 1.2:1.0, 1.4:1.0, abbreviated as CB0.8, CB1.0, CB1.2, 
CB1.4 hereinafter) were added to the pre-sintering powders and the 
mixtures were re-grounded for 12h. After drying, the granulated pow
ders were pressed into cylinder with 5 wt% paraffin mixed as binder and 
the green disks were prepared by uniaxial pressing under the pressure of 
100Mpa. After expelling paraffin at 550 ◦C, all the cylinders were sin
tered at 900–940 ◦C for 4h raising from 550 ◦C at a rate of 5 ◦C/min to 
obtain compact ceramic structure. 

X-ray powder diffraction (Rigaku, D/MAX-2500) was used to analyze 
the phase composition of samples. Raman spectrometer (Thermo Fisher, 
DXR Microscope) was used to record the Raman spectra. According to 
method of Archimedes, the apparent density (ρmea) was calculated. The 
scanning electron microscopy (Hitachi, Ltd., FE-SEM S-4800) was used 
to observe the surface morphology of samples. The network analyzer 
(Agilent, 8720 ES) was used to characterize the microwave dielectric 

Fig. 1. The shrinkage rate of LTMF&LTZN0.892+CBx ceramics sintered from 
900 to 940 ◦C and undoped LTMF&LTZN0.892 ceramic sintered from 1240 
to 1300 ◦C. 

Fig. 2. (a) XRD pattern and (b) Raman spectra of LTMF&LTZN0.892 and LTMF&LTZN0.892+CBx ceramics sintered at optimum temperature.  
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properties. Among them, TE011 resonant mode was used to test the 
permittivity according to the Hakki-Coleman method [24] and TE01δ 
mode was used to test the Q × f values by cavity method [25]. The τf 
values can be measured as follows: 

τf =
fT1 − fT2

fT2 (T1 − T2)
× 106 (ppm /

◦C) (1) 

In above formula, fT1 and fT2 denote the resonant frequency at T1 and 
T2, which were measured by placing the ceramics into two kinds of 
temperature chamber, including a low temperature chamber (GZ-ESPEC 
GMC-71) and a high-temperature chamber (GZ-ESPEC STH-120) used at 
-40–120 ◦C and 25–85 ◦C, respectively, and then tested at a series of 
temperature points. 

Before carrying out the simulation, the initial parameters of the an
tenna can be estimated. The width of the rectangular patch (W) can be 
calculated as follows [26]: 

W =
c

2f0

(
εr + 1

2

)1
2

(2) 

In above formula, c is the light speed. f0 is the center frequency. The 
length of the patch is approximately half of the mid-wavelength. Due to 
the edge effect of the radiation patch, the radiation gap should be taken 
into account and the length of the patch (L) should be corrected as fol
lows [27]: 

L=
c

2f0
̅̅̅̅εe

√ ̅̅̅̅̅̅̅̅̅μ0ε0
√ − 2ΔL (3) 

In above formula, ε0 and μ0 represent the permittivity and perme
ability in free space, respectively. In addition, ΔL and εe represent the 
equivalent radiation gap width and the effective dielectric constant 
respectively, which are defined by the following equations [28,29]: 

ΔL= 0.412h
(εe + 0.3)(W/h + 0.264)
(εe − 0.258)(W/h + 0.8)

(4)  

εe =
εr + 1

2
+

εr − 1
2

(

1 +
12h
W

)1
2

(5)  

Where h represents the substrate thickness. It is necessary to add a 
wavelength impedance converter in front of the microstrip line in order 
to match the edge impedance of the microstrip antenna and make it 
conform to the 50 Ω system which is commonly used by microwave 
devices. The conditions of impedance matching can be expressed as 
follows: 

Z1 =
̅̅̅̅̅̅̅̅̅̅
Z0ZL

√
(6)  

Where Z1 is characteristic impedance of wavelength impedance con
verter, Z0 is characteristic impedance of microstrip line, and ZL is the 
edge impedance of the antenna. The optimization of antenna physical 
parameters is carried out by HFSS software. 

3. Results and discussion 

Fig. 1 presents the shrinkage rate of LTMF&LTZN0.892+CBx ceramics 
sintered from 900 to 940 ◦C and undoped LTMF&LTZN0.892 ceramic 
sintered from 1240 to 1300 ◦C. For undoped LTMF&LTZN0.892, the 
maximum shrinkage rate was obtained at 1280 ◦C. After doping, the 
sintering temperature corresponding to the maximum shrinkage rate is 
obviously reduced. For LTMF&LTZN0.892+CB0.8 and 
LTMF&LTZN0.892+CB1.0, the maximum appeared at 920 ◦C and for the 
other two proportion, the maximum appeared at 930 ◦C. It proves that 
the sintering temperature of the system was effectively reduce to below 
950 ◦C by the CB additive, meeting the requirements of the LTCC 
technology. 

In order to explore the effect of CB additive on phase composition, 
Fig. 3. (a) Variation of bulk density (b–e) The SEM images and grain distri
bution of LTMF&LTZN0.892+CBx ceramics sintered at optimum temperature. 
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the X-ray diffraction patterns of undoped LTMF&LTZN0.892 and 
LTMF&LTZN0.892+CBx ceramics sintered at optimum temperature was 
characterized in Fig. 2(a). Indexed from the standard PDF-card of 
Li2TiO3 (ICDD-PDF #33-0831), all diffraction peaks can be found and no 
second phase was observed, which indicates that the CB flux agent did 
not crystallize, but existed in the crystal lattice in an amorphous state. 
The same phenomenon has been reported in previous studies [30,31]. In 
order to explore the variation in crystal structure, the Raman spectros
copy was characterized, as shown in Fig. 2(b). All spectra exhibit the 
similar Raman active vibration modes to those of monoclinic Li2TiO3 as 
it reported previously. According to group theory, the Raman vibration 
modes at 550-700 cm-1 mainly contribute to the stretch of Ti-O bond in 
[TiO6] octahedra, and that at 250-400 cm-1 mainly contribute to the 
bend of O-Li-O and the stretch of Li-O bond in [LiO6] octahedra [12,32]. 
With the increase of CuO ratio, the intensity of characteristic peaks 
slightly decreased, which reflects the decline of cation ordering [33]. In 
addition, the intensity of the characteristic peak located at 800 cm-1 

gradually increased, which can be explained by the relaxations of se
lection rules caused by the reduce of crystal symmetry at the short-range 
ordering domain boundaries [12,34]. Namely, the mass ratio of CB has 
no effect on the phase of the system, but can slightly affect the crystal 
structure. 

Fig. 3(a) exhibits the bulk densities of LTMF&LTZN0.892+CBx 

ceramics as a function of C&B proportion. With the increase of CuO 
ratio, the bulk densities of samples gradually decreased. Fig. 3(b–e) 
presents the SEM micrographs of LTMF&LTZN0.892+CBx ceramic. As 
shown in figure, all samples exhibit dense and fine microstructure. Small 
amounts of pores exist on the surface, which may be caused by the 
volatilization of Li element. Fig. 3(f) presents the SEM micrographs of 
LTMF&LTZN0.892 ceramic. For more specific characterization of the 
variation of grain size, the grain distribution is counted by means of 
ImageJ software, as embedded in SEM images. It can be calculated that 
the average grain size of LTMF&LTZN0.892 ceramic is 14.53 μm, and that 
of LTMF&LTZN0.892+CBx fluctuated in the range of 2–4 μm, which is far 
less than undoped sample. This is mainly because during the high- 
temperature sintering process, the liquid phase produced from CuO- 
B2O3 will promote the occurrence of crystallization and molecular 
arrangement, and accelerate the sintering process of samples based on 
liquid phase transport, which is also the essence of reducing the sin
tering temperature of the system [30,35,36]. In addition, with the in
crease of CuO, the grain size of the sample gradually increased. For 
CuO-B2O3, higher ratio of CuO will suppress the production of liquid 
phase, resulting in higher surface energy and eventually promote grain 
growth, which is consistent with the variation of average grain size. At 
the same time, the liquid phase transport will promote the discharge of 
gas in the gap as well, which also explains the variation trend of the 
density. 

Fig. 4(a) presents the variation of microwave dielectric properties 
sintered at optimum temperature as a function of C&B proportion. With 
the increase of CuO ratio, the εr values decreased linearly, exhibiting the 
same trend with density, which indicated that the density may be the 
key factor affecting the εr values. Fig. 4(b) present the Q × f values of 
samples. With the increase of mass ratio of CuO, the Q × f values firstly 
increased, and the maximum was obtained of 62,749 GHz for 
LTMF&LTZN0.892+CB1.2. As discussed in SEM, the increase of CuO ratio 
will greatly inhibit the formation of the liquid phase and promote the 
grain growth, resulting in an increasing trend in grain size and a 
decreasing trend in grain boundaries. As we all know, the grain 
boundaries, which act as the two-dimensional defects in the structure, 
will interrupt the perfect symmetry of the crystal, eventually leading to 
the increase of lattice loss. As the mass ratio of CuO further increased, 
the Q × f values tended to decrease. It can be speculated that the 
porosity has become the main factor determining the dielectric loss 
because of the decrease of grain boundaries content. Fig. 4(c) presents 
the variation of τf values, which gradually increased towards near-zero. 
However, the magnitude of the change is relatively small, remaining 
close to zero, which indicates that the temperature coefficient is not 
sensitive to the ratio of CB. As a key parameter used to evaluate the 
temperature stability of the devices, τf values were measured at 

Fig. 4. (a–c) The variation of microwave dielectric properties as a function of C&B proportion at optimum temperature. (e) Variation of Q × f values and resonant 
frequencies in wide temperature range of LTMF&LTZN0.892+CB1.2 ceramic sintered at 930 ◦C. 

Fig. 5. The statistical diagram of εr values and Q × f values of near-zero 
temperature coefficient (|τf| < 10 ppm/◦C) and low sintering temperature (S. 
T. ≤ 950 ◦C) microwave dielectric ceramics. 
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25–85 ◦C most of time [37–39]. In order to explore the wide temperature 
stability of samples, the test temperature was extended to -40–120 ◦C, as 
shown in Fig. 4(d). With the increase of test temperature, the resonant 
frequency of samples firstly decreased, and then tended to be stable. 
Therefore, there are two τf values of samples in a wide temperature 
range, which was equal to -3.63 ppm/◦C and -0.78 ppm/◦C in the range 
of -40–20 ◦C and 20–120 ◦C, respectively, remaining near zero. At the 
same time, the Q × f values were also measured in a wide range and 
exhibited a slightly declining trend, which can be explained by the 
intensification of lattice vibration. Macroscopically, the Q × f values of 
the sample fluctuates slightly. All the above results show that the sample 
has good temperature stability in a wide range. 

In order to compare the performance of LTMF&LTZN0.892+CB1.2 
with other system suitable for LTCC application, some materials with 
low sintering temperature (S.T. ≤ 950 ◦C) and near-zero τf value (|τf| <
10 ppm/◦C) were selected here from the book of Sebastian [40]. As 
shown in Fig. 5, compared with other systems with low dielectric con
stant (εr < 20), LTMF&LTZN0.892+CB1.2 prepared in this work has the 
higher Q × f value, which will be conducive to the improvement of 
antenna efficiency. At the same time, its wide temperature stability can 
ensure the antenna works normally in different environments. In a word, 
comprehensive and excellent microwave dielectric properties make 
LTMF&LTZN0.892+CB1.2 become a preferred candidate material for 
LTCC application. 

In order to quantitatively analyze the contribution of the excellent 
dielectric properties of LTMF&LTZN0.892+CB1.2 in the performance of 
LTCC devices, based on LTMF&LTZN0.892+CB1.2 substrate, a millimeter 
wave microstrip antenna was designed for the center frequency of 30 
GHz. Microstrip antennas have a variety of feeding methods. Among 

them, the microstrip line feeding is considered as one of the most 
commonly used methods, which mainly realizes power feeding through 
the microstrip transmission line integrated with the microstrip radiation 
patch [41,42]. Therefore, this design applied the microstrip line feed 
mode, where the feeder and the patch unit were set to be coplanar, and 
used the wave port side feed mode to feed the center of the wide side of 
the rectangular patch. The input impedance of transmission line is 50Ω. 
Based on the initial calculated physical size of the microstrip antenna, 
the optimal solution can be obtained by means of “Optimetrics” module 
in HFSS. In the optimization stage, the patch size is finetuned to achieve 
the matching of edge impedance. On this basis, a wavelength impedance 
converter is set for the transmission line to match the input impedance 
with the patch edge impedance, so as to obtain the maximum trans
mission power. At the same time, corner cutting can be used to reduce 
the impact of discontinuity at the corners of the patch on the 
transmission. 

Fig. 6(a) presents the geometry of the designed millimeter wave 
microstrip antenna and the optimized parameters are listed in Table 1. 
According to the simulated S11 result, as shown in Fig. 6(b), the resonant 
frequency of the antenna is 30.12 GHz, which belongs to the millimeter 
wave frequency. The frequency range that satisfies S11 < -10 dB is 
29.59–30.72 GHz. Therefore, the effective working bandwidth of the 
antenna is 1.13 GHz, with a relative bandwidth of 3.75%. In addition, 
the S11 result at the resonance point is as low as -68.75 dB, which in
dicates that the antenna unit has a small reflected wave loss at the 
resonance point. Fig. 6(c) exhibits the impedance simulation results, 
which is equal to Z = (49.18–0.32j) Ω, at the resonance frequency. It 
proves that the antenna impedance is well matched. Fig. 6(d) presents 
the simulated radiation pattern of H plane and E plane. As shown in 

Fig. 6. (a) The geometry of antenna. The simulation of (b) S11 result (c) radiation pattern of E plane and H plane (d) transmission impedance (e) gains and radiation 
efficiencies as a function of frequency (f) 3D radiation pattern. 

Table 1 
The optimum parameters of the simulated antenna.  

Parameters W1 W2 W3 W4 L1 L2 L3 L4 δ h 

Values (mm) 3.86 1.93 0.6 0.2 3.58 1.18 0.7 0.5 0.05 0.4  
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figure, the beam width for H plane and E plane is 83.54◦ and 92.66◦, 
respectively, exhibiting a wide radiation angle. Fig. 6(e) exhibits the 
simulated antenna signal gains and radiation efficiencies as a function of 
frequency. Excellent signal gain of 4.87 dB and a considerable high ra
diation efficiency of 93.94% were obtained at the center frequency, and 
slightly fluctuates with the variation of frequency. In addition, it can be 
seen from the simulated 3D radiation pattern shown in Fig. 6(f) that the 
antenna has good radiation symmetry. However, for the single antenna, 
there are still some problems. For example, the working frequency band 
of antenna is still narrow. In addition, the lobe width is wide, resulting in 
the dispersion of the radiation energy. And the signal gain needs to be 
further increased. These problems can be solved by the design of 
microstrip antenna array, which will be further developed in the follow- 
up research. 

4. Conclusion 

In this work, CuO–B2O3 was introduced into Li2TiO3 system for LTCC 
applications. According to XRD and Raman results, the doped CB was 
not crystallized, but existed in amorphous state. In addition, the doped 
CB has no effect on the phase of the system, but can slightly affect the 
crystal structure. With the increase of CuO ratio, the grain size tended to 
increase due to the effect of liquid phase transport. When the mass ratio 
of CuO to B2O3 increased to 1.2:1.0, excellent microwave dielectric 
properties was obtained in LTMF&LTZN0.892+CB1.2: εr = 13.23, Q × f =
62,749 GHz, τf = -2.48 ppm/◦C. In a wide temperature range, the sample 
still maintain high temperature stability of |τf| < 5 ppm/◦C (-40 to 
120 ◦C). Based on the above materials, a considerably high radiation 
efficiency of 93.94% can be obtained on the designed millimeter wave 
microstrip antenna resonated at 30.12 GHz with a signal gain of 4.87 dB 
and a bandwidth of 1.13 GHz. Comprehensive microwave dielectric 
properties make it become an ideal candidate for LTCC application. 
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