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Abstract—We experimentally investigate the isolation effect of 
the noise coupling in X/Ku-band transceiver SiP fabricated on 
low-temperature co-fired-ceramic (LTCC) multilayer substrate, 
using a double-stacked electromagnetic bandgap (DS-EBG) 
structure. The fabricated transceiver SiP is composed of Ku-
band transmitter and X/Ku-band receiver. To prevent the 
simultaneous switching noise coupling from digital circuits, a 
DS-EBG structure was designed and implemented to the 
transceiver SiP. The effect of DS-EBG, which gives 30 dB 
stopband over X/Ku-band ranges, was demonstrated through 
frequency and time domain measurement. 
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I.  INTRODUCTION  
As the significant worldwide demand for higher data rates 

and broadband transmission increases, applications of satellite 
communication systems over GHz range are expanding. 
However, the current drawbacks of most commercially 
available millimeter wave front-ends are their relatively large 
size and heavy weight which are caused by discrete 
components such as filters, and separately located module. 
Thus the implementation of a compact transceiver system-in-
package (SiP) is the key issue for reduction in cost, size, and 
system complexity. The SiP has countless closely spaced 
metallic interconnection structures such as traces, vias, pads, 
leads, partial planes, and plane cavities in a small package. 
These densely spaced interconnection structures become 
sources of high frequency noise generation and noise coupling, 
imposing serious signal and power integrity issues as well as 
EMI/EMC problems [1-2]. Problems arise with high-speed and 
high-density multilayer PCBs, where many RF, analog and 
digital devices are integrated into a densely populated package. 
The noise at the SiP or the PCB worsens noise and timing 
margin of digital and analog circuits, resulting in reduction of 
achievable jitter performance, Bit Error Rate (BER) and 
system reliability. The coupled noise from fast switching 
digital devices can also affect phase noise and Signal to Noise 
Ratio (SNR) performance in RF and wireless communication 
circuits. In high-speed and high-density SiPs and PCBs, a 
major element of the high frequency noise is simultaneous 
switching noise (SSN) from fast-switching digital circuits, as 

clock frequencies and the amount of switching current are 
significantly increased [3]. Therefore, there have been various 
efforts to isolate the SSN coupling between digital and analog 
circuits [4-6]. First of all, conducting neck structure has been 
used to isolate the SSN coupling, guaranteeing the DC 
connection between digital and analog power. Analogous to 
the conducting neck structure, ferrite beads can be also used 
because it blocks high frequency signal or noise and connects 
DC signal. However, these methods to isolate SSN coupling 
have limitations that those guarantees the isolation in a narrow 
band of low frequency range. As such limitations, 
electromagnetic bandgap (EBG) structure has been emerged as 
an alternative solution to highly isolate the SSN coupling 
between digital and analog circuits. The EBG structures are 
periodic structures in which the propagation of electromagnetic 
waves is forbidden in certain frequency bands. A common 
feature of periodic structures is the existence of frequency 
bands where electromagnetic waves are highly attenuated and 
do not propagate [7]. Several papers have discussed the use of 
high-impedance surfaces (HISs) and high-dielectric thin films 
in EBG structures [7–15]. These EBG structures have been 
implemented on an inner metal layer embedded between the 
power and ground planes. In addition, cascaded EBG 
structures with different cell sizes have been used to increase 
the bandwidth of the EBG bandgap [7, 11-12]. Furthermore, in 
our previous paper [16], a new EBG structure with a 
significantly extended noise isolation bandwidth for mixed-
signal SiP applications, called a double-stacked EBG (DS-
EBG) structure, fabricated on an LTCC multilayer substrate 
was introduced. In this paper, we experimentally investigate 
the isolation effect of the DS-EBG structure in X/Ku-band 
transceiver SiP fabricated on low-temperature co-fired-ceramic 
(LTCC) multilayer substrate. The fabricated transceiver SiP is 
composed of Ku-band transmitter and X/Ku-band receiver. To 
prevent the simultaneous switching noise coupling from digital 
circuits, a DS-EBG structure was designed and implemented to 
the transceiver SiP. The effect of DS-EBG, which gives 30 dB 
stopband over X/Ku-band ranges, was demonstrated through 
frequency and time domain measurement. 

 

II. DESIGN OF LTCC-BASED X/KU-BAND TRANSCEIVER 
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Figure 1 Block diagram of RF front-end X/Ku-band Transceiver 

 

 

Figure 2 Center frequency and bandwidth of X/Ku-band transceiver SiP 

 

We have designed a low cost, compact, and small size 
X/Ku-band transceiver SiP using low temperature co-fired 
ceramic (LTCC) process. LTCC technology is the preferred 
platform for high-performance SiP because of its superior high 
frequency characteristics and its high integration capability. 
That's why we used the LTCC technology to design X/Ku-
band transceiver SiP. The block diagram of the designed 
LTCC-based X/Ku-band transceiver is shown in Figure 1. As 
shown in the figure, the transceiver is composed of Ku-band 
transmitter and X/Ku-band receiver. We have integrated all 
components of the block diagram except antenna in a single 
package using LTCC process. To isolate Ku-band transmitter 
and X/Ku-band receiver, four switches with over 30 dB 
isolation level were used. Ku-band transmitter of the designed 
transceiver has a center frequency of 14.25 GHz and a 
bandwidth of 500 MHz, and X/Ku-band receiver of the 
designed transceiver has a center frequency of 9.25 GHz and 
14.25 GHz, respectively, and a bandwidth of 500 MHz, as 
shown in Figure 2. 

The transmitter’s power budget along the signal path is 
shown in Figure 3. As shown in the figure, the transmitter has 
an output power of 28.5 dBm, i.e. 700 mW. The information of 
the components including the switch, drive amplifier, power 
amplifier, and filter is shown, as well. We have selected the 
proper components to satisfy with the power budget of the 
transmitter, and the overall transmitter gain is 41.5 dB. The 
receiver’s power budget along the signal path is shown in 
Figure 4. The power budget for receiver was given by 
calculating the minimum detectable signal power of the 
receiver. As shown in Figure 4, the calculated minimum 
detectable signal power of the receiver was -73 dBm. With 
reference to the signal power, we selected the proper 
components including switch, low noise amplifier, filter. The 
overall gain and noise figure of the receiver is – 5 dBm and 14 
dB, respectively. The noise figure is very high because of the 
use of filter bank. Especially, the receiver has to operate over 

X-band as well as Ku-band so that the LNA should operate in 
a wide frequency range resulting in the increase of its noise 
figure. 

 

 

Figure 3 Power budget of transmitter. 

 

 

Figure 4 Power budget of receiver. 

 

 

Figure 5 Stack-up of the designed X/Ku-band transceiver SiP. 

 

All components for X/Ku-band transceiver design are 
integrated in a single package which stack-up is shown in 
Figure 5. Since the transceiver SiP uses LTCC process, it is 
possible to increase, cost-effectively, the number of transceiver 
layers as much as we desire. The stack-up for the transceiver 
SiP has 8 layers, which is consisted of BGA layer, power plane 
layer, EBG1 layer, EBG2 layer for the integration of the 
double-stacked electromagnetic bandgap (DS-EBG) structure, 
ground plane layer, Chip pad layer, signal/filter line layer, and 
heat sink layer. In particular, by using cavity process of the 
LTCC technology, it made it possible to embed all chips inside 
of the designed package, resulting in the reduction of wire-



bonding length. Figure 6 shows the top view of the designed 
X/Ku-band transceiver SiP. The thickness and size of the 
transceiver SiP are 1.3 mm and 20 mm x 20 mm, respectively. 
The dielectric constant and loss tangent of the SiP are 7.4 and 
0.001, respectively. There are 7 chip-dies and 5 decoupling 
capacitors in the transceiver SiP. 

 

 

Figure 6 Top view of the designed X/Ku-band transceiver SiP 

 

III. DESIGN OF DOUBLE-STACKED EBG STRUCTURE 
In our previous paper [16], we proposed a novel EBG 

structure with a significantly extended noise isolation 
bandwidth for mixed-signal SiP applications, called a double-
stacked EBG (DS-EBG) structure, fabricated on an LTCC 
multilayer substrate. Our design approach was enabled by 
combining two EBG layers embedded between the power and 
ground planes, as shown in Figure 7, while the two EBG layers 
had different bandgaps from using different cell sizes. The 
adoption of different EBG cell sizes in the upper EBG layer 
(EBG1) and the bottom EBG layer (EBG2) made it possible to 
extend the bandwidth of the DS-EBG bandgap, while still 
maintaining the same EBG surface area. Furthermore, the 
buried vias connecting EBG1 and EBG2 were laterally 
orientated with a staggered arrangement, as shown in Figure 7 
(b), to increase the capacitance between the EBG cell plate and 
the opposite power or ground plane, resulting in an increased 
bandwidth of each EBG structure [12]. 

The DS-EBG structure was designed and implemented to 
the X/Ku-band transceiver SiP using a 100 um thick low-loss 
LTCC dielectric and 10 um thick silver conductors. The 
relative permittivity and loss tangent of the dielectric were 7.4 
and 0.001, respectively. The EBG cells had dimensions of 1.4 
× 1.4 mm2 for EBG1 layer and 2 × 2 mm2 for EBG2 layer, and 

were arrayed in the TVs on an overall LTCC substrate size of 
20 x 20 mm2. 

 

 

Figure 7 The side view of: (a) a previous EBG structure, and (b) our proposed 
DS-EBG structure to provide wide suppression of SSN coupling for LTCC-
based SiP applications. 

 

IV. MEASUREMENT RESULTS 
We fabricated the designed X/Ku-band transceiver SiP 

using LTCC process, as shown in Figure 8. The figure shows 
the fabricated transceiver package, FR4-based test board, heat 
pipe, assembled module, and the assembled module with heat 
pipe. For the stable operation of the fabricated transceiver SiP, 
we have designed and fabricated the heat sink which has an 
excellent performance for the system with small size and high 
power consumption. The thermal resistance of the designed 
heat pipe is about 1.3 °C/Watt. It means that, by using the heat 
pipe, the increase of heat is only 1.3 °C as the transceiver 
consumes 1 Watt power. 

 

 

Figure 8 The fabricated LTCC package, FR4 board, assembled model, heat 
pipe, and assembled module with heat pipe. 

 

We have used on-packaging probing to verify the 
transceiver performance. Six power supplies were needed to 



operate 7 dies in the X/Ku-band transceiver. Vector network 
analyzer, spectrum analyzer, and noise figure analyzer were 
used with probe station using 400 um pitch probe. The 
comparisons of transceiver specification with the measurement 
results are shown in Figure 9. When the receiver is selecting 
X-band filter, the measured overall receiver gain is -5.4 dB, 
and the center frequency is 9.26 GHz, and the bandwidth is 
500 MHz. When the receiver is selecting Ku-band filter, the 
measured overall receiver gain is -8.1 dB, the center frequency 
is 14.25 GHz, and the bandwidth is 500 MHz. Finally, the 
measured overall transmitter gain is 41.73 dB, the center 
frequency is 14.25 GHz, and the bandwidth is 800 MHz. We 
can see that the measurement results are satisfied with the 
transmitter’s specification well. 

 

Figure 9 The comparison of transceiver specification with the measurement. 

To investigate the effect of the DS-EBG on the LTCC-
based X/Ku-band transceiver’s performance, we have 
integrated the DS-EBG structure in the transceiver. The DS-
EBG structure was designed to have a stopband in X/Ku-band 
frequency range because the transceiver operates in X/Ku-
band frequency range. Figure 10 shows the measured 
power/ground noise coupling coefficient, S21, in the fabricated 
transceiver SiP. From the results shown in figure, it was 
observed that the DS-EBG structure of the transceiver SiP had 
a stop bandwidth of about 9 GHz (below –30 dB) covering 
X/Ku-band frequency range.  

To demonstrate the noise isolation effect of the DS-EBG 
structure against broadband SSN in X/Ku-band transceiver 
SiP, a 250 mV, 3 GHz clock signal was fed into the 
power/ground port. The coupled power/ground noise was 
measured at the output of the transceiver. First, X/Ku-band 
transceiver not integrating DS-EBG structure was measured to 
observe the effect of power/ground noise coupling. The 
observed output signals are shown in Figure 11. When there is 
no power/ground noise, the output signal has the expected 
value, -12.17 dBm. However, when a power/ground noise is 
excited, the output signal has a noise signal of -43 dBm at 
8.999997 GHz, which is the third harmonic of the excited 3 

GHz power/ground noise. Because the signal is quite close to 
the wanted signal, the noise will affect the system failure. 

In the case of the X/Ku-band transceiver with DS-EBG 
structure, the unwanted signal was disappeared as shown in 
Figure 12. It is understood that the integrated DS-EBG 
structure successfully suppressed the unwanted signal power 
by 21 dB. 

  

Figure 10 The measured power/ground noise coupling ratio, S21 up to 20 
GHz; dotted line represents a X/Ku-band transceiver SiP without EBG 
structure, solid line represents a X/Ku-band transceiver SiP integrating 
double-stacked EBG structure. 

 

 

Figure 11 Measured output power with and without power/ground noise in 
the X/Ku-band transceiver not integrating DS-EBG. 

 

Figure 12 Measured output power with and without power/ground noise in 
the X/Ku-band transceiver integrating DS-EBG. 



The noise figure was also observed because all of noisy RF 
and microwave components can be characterized by noise 
figure. Noise figure (F) is a measure of the degradation in the 
signal-to-noise ratio between the input and output of the 
component. Thus, the noise figure can be calculated by this 
equation. 
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Figure 13 Measured noise figure in the X/Ku-band transceiver not integrating 
DS-EBG. 

 

 

Figure 14 Measured noise figure in the X/Ku-band transceiver integrating 
DS-EBG. 

 

First, X/Ku-band transceiver not integrating DS-EBG 
structure was measured to observe the effect of power/ground 
noise coupling on noise figure. The observed noise figures are 
shown in Figure 13. In the measured noise figure, when there 
is no power/ground noise, the noise figure is between 3 dB and 
6 dB. However, once a power/ground noise is applied, the 
noise figure has very high value of 20 dB at 8.999997 GHz 
which is from the third harmonic of the excited 3 GHz 
power/ground noise. In the case of the X/Ku-band transceiver 
with DS-EBG structure, the high value of noise figure was 
disappeared as shown in Figure 14. It is understood that the 
integrated DS-EBG structure successfully suppressed the high 
value of noise figure caused by power/ground noise coupling. 

 

V. CONCLUSION 
In this paper, we have experimentally investigated the 

noise isolation effect of the DS-EBG structure in a X/Ku-band 
transceiver SiP fabricated on low-temperature co-fired-ceramic 
(LTCC) multilayer substrate. The fabricated transceiver SiP 
was consisted of Ku-band transmitter and X/Ku-band receiver. 
To prevent the simultaneous switching noise coupling from 
digital circuits, a DS-EBG structure was designed and 
implemented to the transceiver SiP. The effect of DS-EBG, 
which gives 30 dB stopband over X/Ku-band ranges, was 
demonstrated through frequency and time domain 
measurement. The integrated DS-EBG structure successfully 
suppressed the noise signal and the high value of noise figure 
caused by power/ground noise coupling. 
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