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A 2-Bit RF MEMS Phase Shifter in a Thick-Film
BGA Ceramic Package

K. Varian and D. Walton

Abstract—The development of a thick-film hermetic BGA
package for a radio-frequency (RF) microelectromechanical
systems (MEMS) 2-bit phase shifter is presented. The measured
packaged MEMS phase shifter average in-band insertion loss
was 1.14 dB with an average return loss of 15.9 dB. The package
transition insertion loss was less than 0.1 dB per transition with
excellent agreement between simulated and measured results. It
was also demonstrated that the RF MEMS phase shift perfor-
mance could be improved to obtain a phase error of less than
3.3 degrees. The first reported measurements of the average rise
and fall times associated with a MEMS circuit (in this case a Fig. 1. Picture of packaged assembly and pictorial representation of the
2-bit phase shifter) were 26 and 70 ps, respectively. The advent backside.
of packaged RF MEMS phase shifters will reduce the cost (both

design and building) of future phase arrays. with an insertion loss of less than 0.1 dB per transition, a small
Index Terms—Ball grid arrays, micromechanical devices, pack- System footprint, and a potentially low cost.
aging, switching circuits. Some of the challenges addressed by this packaging approach

were return loss, hermeticity, and the physical requirements of
the RF MEMS circuits. Hermetic packaging was required to
protect die from mechanical damage, moisture, and other en-
WO of the main advantages of radio-frequency (RRjironmental factors. RF MEMS switches present an additional
microelectromechanical systems (MEMS) are perfopackaging constraint, since the resulting package must allow
mance and cost. Today’'s MEMS MMICs have demonstratgide RF MEMS switch membranes the freedom to move. This
outstanding performance [1]-[3] and the developmental stepgans that some of the common packaging techniques used
indicate that die cost targets are obtainable. The next majoith semiconductors, such as potting, cannot be used. The pack-
step in preparing this technology for system applications #gjing challenges, approach, and design will be discussed in
packaging. The packaging challenge is particularly difficuthe following section followed by the results and conclusion
for MEMS devices since the insertion loss of the circuits isections.
very low, on the order of 1 dB. Several recently published
papers [2], [4], [5] on RF MEMS switches address packaging. Il. DESIGN
Papers [2].’ [4] addre;s a lateral mterfa_ce. In the first baper, theI'he phase shifter, RF MEMS switches, and circuit are de-
RF transition to outside the package is under a glass sidewall. . . 7 .
scribed in [1], [3], with a summary description following. The

and the later is a micromachined channel that is subsequen . o . . . 2
g ase shifter utilized a reflection topology with microstrip lines,

. INTRODUCTION

filed W'.th dielectric under a metalllq seal fng. The ncrease ange couplers, and RF MEMS switches on 0.021-in high resis-
packaging losses are associated with the line transition under ~ .. .

) L Vity silicon. The conductors were made of 4 um thick sputtered
the wall and the increase in line length. At the next level g

assembly, there is an added “system” cost of additional spaqc0|d' The RF MEMS switches were capacitive shunt membrane

e . .
for the leads. Paper [4] addresses vertical interconnects \l/JVtItCheS' The switches had an on capacitance of 3 pF and an off
’ ' capacitance of around 0.035 pF. The 2-bit phase shifter has an

contact is made to the backside by way of a coplanar structu&rleérage in-band, 8 to 10 GHz, insertion loss of 0.96 dB, and an

Fig. 1 illustrates the packaging approach chosen, Ball Gri'n-band return loss of greater than 14 dB, as shown in Fig. 2.

Array (BGA). The package utilizes the vertical dimension to The package, Fig. 1, used a thick-film substrate to which

minimize the package footprint and a straight forward vertical . f ith lable lid b d and sold
attachment at the next level, thus minimizing the transiti p g frame with a seam-sealable lid was brazed and solder
’ Yiis were attached. The thick-film substrate was 0.020-in thick

length and RF loss. This paper will demonstrate a BGA paCkagﬁmina. The 0.006-in diameter vias were used to conduct the
signal and dc between the top and bottom surfaces. A conven-

. . . _ _ tli<onal alloy 46 ring frame and alloy 48 seam-sealed lid were
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Fig. 2. Response of RF MEMS phase shifter, bare die. Fig. 5. Measured and modeled response of the packaged RF MEMS phase

shifter, average in-band insertion loss of 1.14 dB.

TABLE |
AVERAGE SWITCHING TIME, IN MICROSECONDS BASED ON FIVE SWITCHES

State Rise Rise Time Total Fail Time
Delay Rise
180 21.0 4.3 25.3 57.3
90 12.0 14.6 26.7 65.8
0 7.2 19.3 26.5 88.3
Average 13.4 12.8 26.2 70.4

this band not only for MEMS packaging, but for packaging in

Fig. 3. Model used in the simulation of the transition. general.
As fabricated, the MEMS phase shifter was off in the
208 270 state by about 37 This phaser shifter performance was
210 4 improved in the packaged version by empirically increasing
212 < the length of associated grounding straps. This modification
214 resulted in a phase error improvement to less tharfi 8t3
2 26 affil 9.0 GHz for any phase state.
2 / g Although switching times of actual RF MEMS switches
§_m T 7\\#1 have been reported [3], there have been no reports of switching
E_m AN i . times for actual circuits. The reported measured RF MEMS
224 B0 S22 K gl switch switching times have been in the range of 5 t:$0In
226 Bl S O A Table | are the measurements that were made on the packaged
7o 75 80 Fr:juenj;’(GHz‘;*“ 100 105 110 2-bit phase shifters with average turn-on (delay plus rise) times
of 26 ps and average fall time of 70 ps. It is believed that the
Fig. 4. Predicted response of the transition. package has negligible effect on switching times, therefore the

reported times are associated with switching multiple MEMS
. L R . switches. It was observed that as the number of switches that
The transition, as pictorially shown in Fig. 3, from the sil-

icon MEMS die through the alumina substrate to the solderbaWere activated increased, the rise and fall times increased,

. : : e vy%ile the delay time decreased. This resulted in a turn-on time
was simulated with the e-m simulator HFSS (Ansoft's high frethat was roughly independent of the number of switches that

guency structure simulator). The predicted results are bettert%éwre switched. Delay time was defined to be the time the pulse

a 21 dB return loss across the desired band, as shown in Fig. 4. ) : : .
! 0,
The simulated transiti or was th ded t n%lél_s applied until the phase shift changed by 10%. Rise and fall

. . 0 0
vanced design system (ADS) model for the module with typ- e was the time required to change from 10% to 90% of the

cal measured-parameters for the MEMS die. The predicted i 1E0RTRE, 718 Eetie R SEeee o o
module average insertion loss was 1.28 dB. 9 9

to the following different items.

There are at least two possible reasons for the additional
turn-on time. One is that not all of the switches activate at the

The measured module performance had an average in-baathe voltage and the other is that the delay (not previously
insertion loss of 1.14 dB (see Fig. 5) and an average return loeported) is comparable to the respective rise and fall times.
of 15.9 dB. Based on the average insertion loss of the RF MENBInce these parts were fabricated, process improvements have
die thisresults in less than 0.1 dB of insertion loss per transitidmeen made to significantly reduce the variation in pull-in
The insertion loss per transition results are truely outstanding fmitage, which should reduce the rise time. For the turn-off

Ill. RESULTS
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times, the major factors that come into play are the variation ACKNOWLEDGMENT
in the membrane residual stress and stiction. The impact o
overall switch performance by reducing the turn-off tim?
factors are presently being investigated and ways to reduce
turn-off times are being determined.
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