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1 概要

ATR光電波通信研究所では、腕時計型移動体通信器（リストフォン）の実

現に向けて、モノリシックマイクロ波集積回路 (MMIC)の超小型化・高集積

化・高機能化の研究が進められてきた。その研究成果は [l]、線路一体化FET

および多層化MMIC技術として広く知られるようになり、本分野における業績

は大きい。一方で、このような超小型移動端末器の存在を可能にする通信ネット

ワークとして、光ファイバミリ波サブキャリア伝送系の研究を進めてきた [2]。こ

うした新しい通信ネットワーク（情報処理も同様である）の概念を浸透させ、実

現させるためには、必要とされる機能を集積回路化することが最も有効な手段で

あると考える。報告者は、超小型MMICの研究をさらに進展させ、またMMI

Cに光制御機能を付与する研究を行なった。ここでは、その研究成果の総括を目

的とし、次の事項について述べる。

(1)多層化MMIC

(2)光マイクロ波集積回路 (MOMIC) ・光集積回路

多層化MMICでは、薄膜線路、積層線路および結合線路の構成方法を提案し、

また、これらを用いた各種マイクロ波回路の設計・試作を行なった。そして、高

量

｀
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性能・高機能な超小型MMICが実現できることを明かにした。一方、光マイク

ロ波集積回路では、マイクロ波素子としてのHEMTの光応答特性に着目し、そ

の基本特性を明かにすると共に、光ファイバミリ波伝送系に適用した。そして、

従来の p i n -PDに比べて良好な伝送特性が得られ、集積化も容易であること

を示した。また、報告者が提案した研究の幾つかはグループ内で進められ、大き

く発展している。別途、テクニカルレポートを参考されたい。

参考文献

[1]徳満「ATRにおける高周波回路の研究 ー超小型・高機能MMIC-」ATRテクニカル

レポート、 TR-0-0023、1990.03

[2]小川「光ファイバを用いたミリ波サブキャリア伝送技術の研究」 ATRテクニカ）レレポート

、TR-0-0055、1992.02

多層化MMIC

マイクロ波回路の構成方法として、多層化MMICには高いポテンシャルが

ある。本研究では、その特徴を活用した提案を行なうと共に、試作により実証す

ることを目的とした。例えば、伝送線路の積層化によるハイブリッド回路の小型

化及び、その能動回路への適用を図った。特に、増幅回路は線路一体化FET技

術の適用外であり、多層化MMICの構成を用いて小型化した。さらに、マイク

ロ波回路の中で重要な役割を有する方向性結合器について、新しい構造を提案し

、試作により小型で高性能な動作を確認した。本回路は、ミリ波／マイクロ波信

号処理用MMIC (フィルタ、変調器、イコライザ等）にも適用でき、集積化で

きるマイクロ波回路の枠を広げるものである。以下に、超小型増幅器及び方向性

結合器の構成と特性に関して述べる。

2 誘電体薄膜を用いた多層化MMIC増幅器

Miniaturized MMIC amplifiers utilizing a multilayer structure composed 

of thin film transmission lines are presented. The fundamental characteris-

tics of the thin film transmission lines for use in microwave active circuits 

are di~cussed through calculations by numerical analysis. A two-stage low-

noise amplifier, a single-stage wideband amplifier and a balanced amplifier 

are designed within very small areas, while good performance is maintained. 
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The results include that a Ka-band single-stage amplifier is fabricated in a 

0.8 mm  x 0.6 mm  area with a gain of 8.0-9.5 dB in the frequency range of 

from 16.0 GHz to 26.5 GHz and input/output return losses of better than 

8 dB at 26.5 GHz. The proposed amplifier configurations can be applied to 

high density integration of one-chip MMIC modules. 

2.1 はじめに

Monolithic microwave integrated circuits (MMIC's), which will be es-

sential components in future communication systems, must be miniaturized. 

Large-scale, complicated MMIC's are also required [l]. Fortunately, a thin film 

transmission line structure, which utilizes narrow-width microstrip conductors 

on thin (several-μm thick) dielectric materials fabricated over a ground plane 

metal on a GaAs wafer surface, was recently reported [2]-[6]. Thin film trans-

mission lines allow for high density circuit integration due to reduced transmis-

sion line widths and their ready application to multilayer configurations. For 

example, thin film transmission lines such as microstrip, inverted rnicrostrip 

and triplate lines can be applied to a multilayered transmission line structure 

using a ground plane metal, which serves to separate the transmission lines 

[7]. In addition, meander-like and cross-over transmission line structures are 

easily fabricated in a small area. Therefore, a highly flexible circuit design 

is achieved for a 3-dimensional structure, and this configuration can be used 

for high density integration of MMIC's. Thin film transmission lines can also 

be integrated within uniplanar microwave circuits [8). Monolithic microwave 

integrated circuits using thin film transmission lines are usually called multi-

layer MMIC's. Several microwave passive circuits using thin film transmission 

)• 
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lines have been reported [2]-[4],[7]. 

However, design methods and applications for active circuits such as amplifiers 

and mixers have not been sufficiently discussed. Although thin film transmis-

sion lines can substantially reduce the circuit area, they show relatively high 

insertion losses compared with conventional microwave transmission lines such 

as microstrip and coplanar waveguide lines, and degrade circuit performance 

[4]. It is therefore important to optimize the structure of the transmission 

lines in the MMIC design. 

In this paper, the fundamental characteristics of thin film transmission 

lines are calculated by the qusai-static and full-wave finite-element-method 

(FEM), and their suitability for use in microwave active circuits is demon-

strated. A design method that allows reducing the chip area and obtaining 

good performance, is presented using numerical results and an equation. Thin 

film transmission line structures, that is, microstrip line-, inverted microstrip 

line-and triplate line-structures using polyimide films as the thin dielectric 

substrates are successfully utilized to realize miniaturized MMIC amplifiers. 

An X-band two-stage low-noise amplifier, a Ka-band single-stage wideband 

amplifier and a balanced amplifier are fabricated utilizing these transmission 

line structures, and their perfor~ance is also demonstrated. The intrinsic chip 

area of the amplifiers is about one-fourth that of conventional MMIC's. 

2.2 薄膜伝送線路

The fundamental characteristics of microstrip, inverted microstrip and 

triplate lines using thin dielectric layers are discussed in this chapter. A 

schematic cross sectional view of these transmission lines is shown in Fig. 1. 

り



Each transmission line is formed on a GaAs wafer surface. These structures 

consist of polyimide films for the thin dielectric layers and 1μm-thick gold 

films for the conductor metals. 

A process for polyimide film preparation and subsequent chemical etching 

is reported in [9). This process can generate cone-shaped via-holes, which 

connect the microstrip conductors on the upper dielectric layers with the in-

put/output ports and microstrip conductors on the lower dielectric layers. 

The relative dielectric constant and loss tangent of the polyimide film are 3. 7 

and 0.01 (10 MHz), respectively. A uniformity in the film thickness of better 

than 1 % is obtained up to 10μm. The measured stress of the polyimide film 

is a constant value of -2.4 x 1『 dyn/cm叫andis one-tenth that of Siふ

and Si02 films. Furthermore, the surface of the films, which is formed by 

spin-coating, is flat due to its high viscosity. These properties show polyimide 

film to be a suitable dielectric material for thin film transmission line fabrica-

tion. In our fabrication, the multilayer structure consists of two 5.0μm-thick 

polyimide films to construct a three-layer conductor. 

The calculated characteristic impedance and normalized guided wave-

length (入g/入。） of these transmission lines are shown in Fig. 2. Because these 

structures are small in comparison with their guided wavelength, quasi-TEM 

approximation can be used for numerical analysis. For the inverted microstrip 

line and triplate line, the polyimide film flatness over the strip conductor, 

8(N), must be considered, because the film thickness is somewhat decreased 

due to the presence of the lower conductor. The polyimide film flatness is 
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Fig. 1 Basic transmission line structures using thin dielectric lay-

ers. (a) A microstrip line structure, (b) an inverted microstrip line 

structure and (c) a triplate line structure. 
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given by following equation. 

O(N) = { 1 (A 
N 

―五） } X 100 [%], (1) 

where A, B and N are the ramp height after polyimide formation, initial con-

ductor thickness and number of layer piles, respectively. According to our 

polyimide preparation conditions, the flatness of the first and second poly-

imide layers is 36% and 60%, respectively. The conductor widths of these 

transmission lines, whose characteristic impedances range from approximately 

100 D to 15 D, are between 5μm and 30μm, and are similar to the polyimide 

film thickness. Furthermore, the conductor widths of these transmission lines 

are less than one-fifth those of the microstrip lines in conventional MMIC's. 

Therefore, a highly flexible circuit design can be achieved. The conductor 

widths of the microstrip, inverted microstrip and triplate lines, whose char-

acteristic impedance is approximately 50 D, are 21μm, 8μm and 5μm, 

respectively, when the total polyimide film thickness is 10μm. Since the 

inverted microstrip line has a highly effective dielectric constant due to the 

GaAs substrate, the conductor width is 40% less than that of a microstrip 

line. The triplate line has a low characteristic impedance with a narrow con-

ductor width. This result shows the triplate line to be a suitable structure 

for a low impedance line in amplifier circuits, compared with the other two. 

For example, the conductor width of a 20 D triplate line (H = 10μm) is only 

approximately 20μm. 

I
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2.3 薄膜伝送線路の損失

Thin film transmission lines show relatively high insertion losses, dorni— 

nated by conductor losses, due to narrow widths of the microstrip conductors. 
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Calculated characteristic impedance (solid line) and normal-

ized guided wavelength (dashed line : 入g/入。） of various transmission 

lines as a function of the conductor width. 
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Calculated conductor loss and conductor width of 50 0 mi-

crostrip lines as a function of the polyimide film thickness at a fre-

quency of 20 GHz. 
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The conductor losses (at 20 GHz) of these transmission lines are calculated by 

full-wave FEM [10]. In the calculation, the skin effect is considered, because 

the conductor thickness is approximately two times greater than the skin 

depth of the conductor at 20 GHz. We also assume the surface roughness of 

the conductor to be zero, from observations by scanning electron microscopy 

(SEM). The calculated conductor losses of 50 0 microstrip line structures as 

a function of the polyirnide film thickness are shown in Fig. 3. The calcu-

lated results show that the conductor losses of the transmission lines decrease 

rapidly with increasing polyirnide film thickness, and range from 0.84 dB /mm 

to 0.11 dB/mm for thicknesses of 2μm to 20μm; they show smaller improve-

ments above 10μm. The conductor losses of these transmission lines as a 

function of the conductor width, assuming polyimide thicknesses of 10μm 

and 5μm, are shown in Fig. 4. The calculated current distribution for the 

symmetrical half space of a microstrip line is shown in Fig. 5. The current 

concentrates near both edges of the microstrip conductor, and rapidly de-

creases for distances from the conductor edge up to 2.5μm (x/ H = 0.25). 

Therefore, the conductor losses of these transmission lines are slightly reduced 

for conductor widths of above 5μm (= H /2). To reduce the transmission line 

loss, the thickness of the polyimide film and conductor width must be greater 

than 5μm. Transmission lines having identical conductor widths and poly-

imide thicknesses show almost the same insertion losses (per心） for different 

characteristc impedances. For example, a 50 0 microstrip line and a 35 0 

inverted rnicrostrip line with the same conductor width (W = 10μm) have 

almost the same insertion loss (per入9),when the polyimide film thickness is 

5μm, as shown in Fig. 4. 

貪
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Losses in the microstrip line have been discussed in [2], [11], [12]. To 

calculate the circuit performance, we must simulate the frequency character-

istic of the transmission line attenuation with a commercialy available CAD 

software package. The surface resistivity Rs which is considered as the skin ,. 

effect is given by (2), 

凡(f)= Rsotl(・ 汀/(1-e―tl{汀） [0/口］， (2) 

where t and I(are the conductor thickness and material constant (=✓ 祠71),

respectively. The conductor loss O:'c is proportional to Rs, 

O:'c(f)/ac(F) = Rs(f)/Rs(F). (3) 

The dielectric loss O:'d(f) is estimated by using the following assumptions [13): 

(i) The loss tangent of the polyimide film is proportional to the operating 

frequency, and (ii) the value of the loss tangent is 0.020 at 20 GHz. 

tan EJ(f) / tan EJ(F) = f / F 

27.3 f 
四 (f)= - tan EJ(f) = 27.3・ ー・ ft;ii・tanb (f) 

心 c
[dB/m叫．

ヽ
~
ヽ
‘
,
／

4
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Therefore, in the circuit design, the frequency characteristic of the total at-

tenuation per unit length a(f) is given by the following equation, rewritting 

the calculated or evaluated value, ac(F) or叩 (F),at a design frequency of F 

(in our case F = 20 GHz). 

a(!)=叩 (F)-#・ ~=:=:: 二＋叩(F).;, [dB/1nm]. (6) 

The transmission lines are tested using on-wafer probes and an HP8510 net-

work analyzer. The length of the measured transmission lines with coplanar 

waveguide (CPW) ports is 1.3 mm  (intrinsic line length: 1.0 m叫 Each
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transmission line is connected to the CPW-ports through via-holes (15μm x 

15μm) on a GaAs wafer surface, and the transition loss between every CPW-

port and transmission line is less than 0.075 dB at 20 GHz. Fig. 6 shows the 

calculated and measured characteristics of a microstrip line. A good agree-

ment between these values is obtained in the frequency range of 0-40 GHz 

using (6). 

2.4 増幅器の設計と特性

An AlGaAs/InGaAs pseudomorphic HEMT with a T-shaped 0.25μm-

gate is applied to the amplifier circuits. The gate width and gate finger number 

of the HEMT are 100μm and 2, respectively. The HEMT has a calculated 

cutoff frequency of 45 GHz, and its small-signal equivalent circuit is deter-

mined from S-parameter measurements up to 40 GHz as shown in Fig. 7. The 

noise parameters are characterized by using an on-wafer noise measurement 

system up to 18 GHz. The values of the noise figure, r opt and Rn are 1.05 dB, 

0.571 L 43.2°and 19.1 0, respectively, at 12 GHz. 

In the circuit design, we adopted a commercially available CAD software pack-

age, which includes a user defined function routine (Touchstone), to optimize 

circuit parameters by using (6) for the frequency characteristics of the trans-

mission lines. Each transmission line has a meander-like configuration, and 

short-stub lines are arranged over the MIM (metal-insulator-metal) bypass ca-

pacitors to reduce the circuit area; each line is connected to the upper metal 

of the capacitors through the via-holes. Table 1 summarizes the structural 

parameters and calculated performance of the transmission lines in the fabri-

cated amplifiers. For reference, values from conventional CPW structures are 

13 
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Table 1 Structural parameters and characteristics of thin film trans-

mission lines for use in amplifiers. The losses are calculated at 

20 GHz. 

Line width 
Polyimide Characteristic Effective 

Structure thickness impedance dielectric 
[μm] 

[μm] 囮］ constant 

Microstrip line 10 10 75.0 2.73 

Microstrip line 10 5 50.0 2.87 

Inverted 
10 5 35.0 6.04 

microstrip line 

Triplate line 14 10 25.0 3.70 

Input / output Width/ Gap 
50.0 6.83 ー•••一

CPW-port = 42 I 29 

CPW 
Width/ Gap 

50.0 6.54 
= 12 / 10 

Conductor loss 
[dB/mm] 

0.241 

0.398 

0.590 

0.559 

0.093 

0.278 
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Calculated and measured frequency characteristics of a 50 n 

rnicrostrip line. Solid line: measured, dashed line: calculated. 
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Fig. 7 Small-signal equivalent circuit of a HEMT with a 100μm 
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also shown. The conductor widths of these transmission lines are less than 

14μm, and the gap of the strip conductors is about four times the conduc-

tor width and the dielectric thickness; therefore, the coupling effect of the 

transmission lines is almost eliminated. 
“
 

2.4.1 X帯低雑音増幅器

An X-band two-stage LNA, integrated with two HEMT's, four 10 pF-

capacitors and a stage capacitor as lumped elements, is fabricated using a 

microstrip line structure. The circuit diagram and a photomicrograph are 

shown in Fig. 8. The intrinsic chip area is 0.80 mm  x 0. 78 mm, and is 

one-fourth that of conventional MMIC's. The first-stage HEMT has a source 

feedback inductance to achieve the optimum noise matching [14]. The match-

ing network is designed employing 75 n microstrip lines and 70 n microstrip 

line for the source feedback inductance. Both transmission lines are formed 

on different dielectric layers to obtain a flexible layout. The measured and 

calculated characteristics of the two-stage amplifier are shown in Fig. 9. The 

noise performance of the fabricated amplifier is measured using an on-wafer 

probe station and an HP8970 noise figure meter. The amplifier shows a noise 

figure of 2.6-2.65 dB and a gain of 19.1-20.3 dB in the frequency range of from 

11.7 GHz to 12.2 GHz, and its input VSWR and output VSWR are better 

than 1.6 and 1.4, respectively. The noise performance is slightly deteriorated 

by comparison with conventional MMIC's. Excess value of the noise figure 

caused by tramsmission line losses is approximately 0.95 dB at 12 GHz. 
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2.4.2 広帯域増幅器

A Ka-band single-stage wideband amplifier is designed for a center fre-

quency of 20 GHz. The circuit diagran1 and a photomicrograph of the am-

plifier are shown in Fig. 10. The impedance of the transmission lines is con-

strained to be within the range of from 20 0 to 80 0, for the purposes of a 

reduced size and an acceptable transmission line loss. Low impedance, less 

than 30 0, transmission lines, which are difficult to utilize in conventio叫

MMIC's, are chosen to achieve amplifier gain flatness in wideband. In this 

case, a triplate line is used as the 25 0 transmission line, and a microstrip line 

is used as the 75 0 transmission line. Fig. 11 shows the calculated and mea-

sured amplifier performance. The amplifier shows a gain of 8.0-9.5 dB in the 

frequency range of from 16.0 GHz to 26.5 GHz, and its input/output return 

losses are better than 8 dB at 26.5 GHz. Although the amplifier is designed 

using a single-stage HEMT configuration, wideband gain flatness is achieved. 

This amplifier circuit is applied to a unit-amplifier of a balanced amplifier as 

described below. The fabricated amplifier shows a noise figure of 4.6-5.2 dB, 

and its noise characteristics are slightly deteriorated due to lossy transmis-

sion lines. However, the chip size is very small, that is, 1.2 mm x 0.9 mm, 

while the intrinsic chip area is only 0.8 mm  x 0.6 mm. Similarly, other types 

of amplifiers, whose bandwidth is relatively wide, are also designed within a 

0.8 mm  x 0.5 mm  area, and show a gain of 6.0-8.5 dB in the frequency range 

of from 15.5 GHz to 33.5 GHz. 
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2.4.3 平衡型増幅器

To demonstrate the ability of the multilayer structure, we designed a bal-

anced amplifier [15] at a center frequency of 20 GHz using branch-line hybrids, 

as 90-degree couplers, composed of a multilayer structure. A schematic cross 

sectional view of a multilayer structure and SEM photographs of a fabricated 

hybrid are shown in Fig. 12. The hybrid consists of 50 n microstrip lines and 

35 n inverted microstrip lines whose polyimide film thickness is 5μm, and 

the microstrip lines are fabricated over the inverted microstrip lines. Both 

transmission lines are isolated by the ground plane metal, which is formed on 

the center layer of the dielectric materials. In this structure, the coupling ef-

fect between both transmission lines is eliminated. The hybrid shows coupling 

losses of 5. 5 dB士 0.5dB, return losses and isolation are better than 15 dB 

in the frequency range of 18 GHz to 21 GHz [7]. In addition, the intrinsic 

hybrid circuit area is less than 0.3 mm2. The layout and circuit diagram of a 

unit-amplifier are the same manner as those of the wideband amplifier. The 

circuit diagram and a photomicrograph of a balanced amplifier MMIC are 

shown in Fig. 13. The intrinsic chip area is 1.09 mm  x 1.54 mm, although 

the balanced amplifier is constructed with two branch-line hybrids and two 

amplifiers. Fig. 14 shows the measured and calculated characteristics of the 

balanced amplifier. The fabricated balanced amplifier has a gain of 5.5 dB 

with a 3 dB-bandwidth of 4 GHz, and its input/output return losses are bet-

ter than 20 dB at a center frequency of 20 GHz. The gain is approximately 

3 dB smaller than that of a unit-amplifier. To obtain improved performance 

without increasing the circuit area, it is necessary to reduce the excess cou-
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Fig. 12 Multilayer transmission line structure using two dielectric 

layers. (a) Schematic cross section and (b) SEM photographs of a 

fabricated structure (multi-layered transmission lines and a via-hole 
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pling loss of the 90-degree hybrid. Investigations for new types of hybrids are 

1n progress. 

2.5 まとめ

Very small-sized MMIC amplifiers using thin film transmission line struc-

tures composed of thin dielectric layers on the GaAs wafer surface have been 

proposed, and their performance was demonstrated. The transmission line 

structures can be effectively combined with microwave active circuits. An X-

band two-stage LN A, a Ka-band single-stage wideband amplifier and a bal-

anced amplifier have been designed within very small areas, e.g., 0.63 mm汽

0.48 mm2 and 1.68皿凪 respectively,while good performance has been main-

tained. The proposed amplifier configurations can be applied to high-density 

and multi-functional integration of MMIC modules. 
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3 誘電体薄膜を用いた多層化MMIC方向性結合器

Low-loss and small-sized MMIC directional couplers utilizing a multi-

layer structure composed of coupled thin film transmission lines on a GaAs 

wafer surface are newly proposed. The fundamental characteristics of the 

couplers are discussed through calculations by numerical analysis, and the 

performance of the couplers and an application to reverse-phase hybrid ring 

are demonstrated. The results show that a 3 dB-coupler can be designed 

within a 0. 78 mm  x 0. 78 mm  area for a center frequency of 20 GHz. Cou-

pling losses of 3. 7 dB士0.2dB over a 4 GHz bandwidth and isolation of better 

than 28 dB in the frequency range of 0-30 GHz are achieved. The proposed 

coupler configurations can be applied to the high-density and multi-function 

integration of MMIC's. 

3.1 はじめに

Directional couplers are important elements as 90-degree power dividers 

and power combiners in microwave circuits such as balanced amplifiers, bal-

anced mixers and microwave signal processors. However, it is difficult to 

achieve tight coupling on microwave integrated circuits (MIC's). As an alter-

native, a branch-line hybrid constructed with four quarter-wavelength trans-

mission lines can be employed as a 3 dB-coupler. Nevertheless, its use in 

monolithic microwave integrated circuits (MMIC's) is limited due to its large 

size. To design multi-function, high-density and cost-effective MMIC's, we 

must reduce the area of the hybrid. 

Recently, a structure of thin film transmission lines, which utilize narrow 

width microstrip conductors on thin (several-μm thick) dielectric materials 
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fabricated over the ground metal on a GaAs wafer surface, was reported [l ]-

[7]. Thin film transmission lines allow for high-density circuit integration 

because of reduced transmission line widths and their ready application to 

multilayer configurations. In addition, meander-like and cross-over trans-

mission line structures are easily fabricated in a small area. Therefore, a 

highly flexible circuit design can be achieved for a 3-dimensional structure; 

this configuration is suitable for high density integration of MMIC's. Thin 

film transmission lines can also be integrated within uniplanar circuits, and 

are normally called multilayer MMIC's. 

The initial applications of such a structure were small-sized hybrid rings such 

as branch-line and rat-race hybrids [2], [4], [5]. Quasi-lumped-element hy-' 

brid rings, which utilize combinations of short high-impedance transmission 

lines and shunt-lumped capacitors, have also been reported [8]. Although 

these hybrids have substantially reduced occupied areas, their excess coupling 

losses become large due to lossy transmission lines, and it is difficult to ob-

tain balanced port characteristics and wideband performance. Therefore, the 

performance of MMIC's using these hybrids are drastically deteriorated com-

pared with those of conventional microwave circuits. It is necessary to achieve 

high-performance 90-degree hybrids without increasing the circuit area. 

In this paper, the configurations of directional couplers utilizing thin 

dielectric layers fabricated on a GaAs wafer surface are proposed. The direc-

tional couplers are constructed with a multilayer structure consisting of cou-

pled thin film transmission lines with a tuning septum and floating conductor. 

The fundamental characteristics of the directional couplers are calculated by 

the quasi-static finite-element-method (FEM) and full-wave FEM, and their 
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suitability for use in microwave circuits is discussed. The transmission line 

loss dominated by conductor loss is also discussed to predict the frequency 

characteristics of the couplers. Some advantages of the proposed directional 

couplers are as follows: (1) excellent performance and design accuracy, (2) 

small size for use in MMIC's, (3) good compatibility with coplanar MMIC's 

and (4) the possibility of loose coupling to tight coupling utilizing the same 

process. Finally, the design and performance of a 20 GHz tight coupler (such 

as -3 dB) and a medium coupler (such as -6 dB) are presented, and an 

application to a reverse-phase hybrid ring employed as a 180-degree hybrid is 

demonstrated. 

3.2 方向性結合器の構成

The major problem in the directional couplers based on parallel-coupled 

transmission lines is realization of tight coupling. This problem can be solved 

by fabricating a floating potential conductor over a dielectric overlay to reduce 

the odd-mode impedance [9), or by using a ground conductor with a tuning 

septum to increase the transmission line impedance [10). In order to achieve 

a tight coupler that can maintain a high performance and reduce its occupied 

area, we combine these m叫 1odsand fabricate the structure on a GaAs wafer 

surface utilizing a multilayer MMIC process. 

The multilayer structure consists of polyimide films for the thin dielectric 

layers and 1-μm-thick gold films for the conductor metals. The process for 

polyimide film preparation and subsequent chemical etching was described in 

[11). This process can generate cone-shaped via-holes which connect the mi-

crostrip conductors on the upper dielectric layers with the input/output ports 
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and ground plane on the GaAs substrate. The relative dielectric constant and 

loss tangent of the polyimide film are 3.7 and 0.01 (10 MHz), respectively. A 

uniformity in the thickness of better than 1 % is obtained up to 10 llID. The 

measured stress of the polyimide film is a constant value of -2.4x 108 dyn/cm2, 

and is one-tenth that of Si3図 andSi02 films. Futhermore, the surface of the 

films, which are formed by spin-coating, is flat due to its high viscosity. These 

properties show that polyimide film is a suitable dielectric material for multi-

layer MMIC fabrication. In our fabrication, the multilayer structure consists 

of four 2.5-μm-thick polyimide films; therefore, conductors can be formed up 

to five layers. 

Cross-sectional views of multilayer MMIC directional couplers are shown 

in Figs. 15(a) (normal type) and (b) (inverted type). The directional cou-

plers are constructed with coupled microstrip lines, a ground conductor with 

a tuning septum and floating conductor located over the microstrip lines. 

Each conductor is formed on a different dielectric layer. Since the floating 

conductor is located symmetrically over the microstrip lines, it works as a 

cold-wall (ground plane) in the odd-mode. In the even-mode, the potential of 

the floating conductor becomes close to that of the coupled microstrip lines, 

because the even-mode characteristics should not be changed substantially by 

the presence of the floating conductor. In the design, the even-and odd-mode 

characteristics in the coupled section must be evaluated. The characteristic 

impedance and guided wavelength of each mode are calculated by quasi-static 

FEM. Because these structures are small in comparison to the guided wave-

length, quasi-TEM wave approximation can be used for numerical analysis. 

The desired coupling C and transmission line impedance Z。arewritten by 
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the following equations. 
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where Zeven and Z。ddare the even-mode impedance and odd-mode impedance, 

respectively. In an inhomogeneous medium, the coupling length Le is deter-

mined by the mean of the even-mode and odd-mode quarter wavelengths. 

L 
1 入even+入odd

C ＝ー・
4 2 

(9) 

To calculate the circuit performance, we simulate the frequency characteris-

tics of the transmission line attenuation with a commercially-available CAD 

software package that includes user defined function routine (Touchstone). 

The frequency characteristic of the total attenuation per unit length a(f) is 

given by the following eq叫 ion.

a(f) = 位(F). #. ~= :=:~ 二＋叩(F).;, [dB/mm], (10) 

where F (in our case : F = 20 GHz) is the design frequency, and ac(F) 

and叩 (F)are the conductor loss and dielectric loss at the design frequency, 

respectively. The t and I(are conductor thickness and material constant 

(= 0可),respectively. Fig. 16 shows the calculated and measured charac-

teristics of a 50 0 microstrip line structure. A good agreement between these 

values is obtained in the frequency range of 0-40 GHz using(lO). Therefore, 

this equation can be applied to coupling loss evaluation. The conductor losses 

of the directional coupler, which dominate in the odd-mode, are calculated by 

the full-wave FEM [12] at the design frequency of 20 GHz. In our calculation, 

the skin effect is considered, because the conductor thickness is approximately 
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two times greater than the skin depth of the conductor at 20 GHz. The sur-

face resistivity of the conductors and loss tangent of the polyimide films at 

20 GHz are assumed to be 4.6 x 10-5 0・m and 0.02, respectively. We also 

assume the surface roughness of the conductors to be zero, from observations 

by scanning electron microscopy (SEM). 

3.3 方向性結合器の設計

Fig. 17 shows the calculated characteristic impedance and normalized 

guided wavelength of normal-type couplers in the even-and odd-modes as 

a function of tuning septum width, when the polyimide film thicknesses are 

hl = 2.5μm and h2 = 7.5μm, respectively. To simplify the design and pat-

tern layout, the distance between microstrip lines and width of the floating 

conductor are kept as Gl = 10μm and W f = Gl + 2W s + 4μm, respectively. 

The even-mode characteristics are strongly dependent on the tuning septum. 

For example, the even-mode impedance of these coupled transmission lines, 

whose tuning septum widths range from 40μm to 200μm, are between 70 0 

and 150 0, when the microstrip conductor width is 15 1,tm. On the other 

hand, the odd-mode characteristics have little effect on the tuning septum. 

To achieve a 3 dB-coupler with 50 0-irnpedance, the widths of the microstrip 

line and tuning septum are TiV s = 15μm and G2 = 110μm, respectively. The 

polyimide film thickness dependence is shown in Fig. 18. The ratio of even-to 

odd-mode impedance becomes small with increasing distance between floating 

conductor and microstrip lines; it becomes large with increasing microstrip 

width. 

Directional couplers based on parallel-coupled transmission lines using an in-
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homogeneous medium have different guided wavelengths in each mode. In 

general, the effective dielectric constant in the even-mode becomes larger than 

that in the odd-mode, and this phenomenon is emphasized for tight couplings. 

The difference in guided wavelengths degrades the coupler performance. The 

inverted-type coupler has a different arrengement of conductors as shown in 

Fig. 15(b). The coupled microstrip lines are formed on the GaAs wafer surface, 

and the ground plane is formed over the dielectric layers. In this structure, 

the effective dielectirc constant in the odd-mode can be increased, because the 

electric field concentrates near the GaAs substrate. In addition, the effective 

dielectric constant in the even-mode is not substantially increased. There-

fore, the inverted-type coupler can achieve tight coupling while maintaining 

the even-and odd-mode velocity matching. The calculated characteristic 

impedance and normalized guided wavelength of inverted-type couplers are 

shown in Fig. 19. The inverted-type couplers show relatively small even-and 

odd-mode impedances; however, the difference in guided wavelengths in each 

mode becomes small compared with that of the normal-type couplers. For 

example, the ratio of guided wavelength (=入even/入。dd)becomes 0.966 in an 

inverted 3 dB-coupler, while the ratio becomes 0.912 for the normal type (See 

Table 2). 

Table 2 summarizes the structural parameters and calculated characteris-

tics of several coupled sections. The widths of the microstrip lines and tuning 

septum become large in the design of 3 dB-couplers with increasing hl, and 

the even-and odd-mode velocity ratios are not well matched. This results in 

a degradation of the wideband performance; however, the cond11ctor losses in 

the odd-mode become smaller than that of others. Therefore, the structures 
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40 

h1 

(1) 2.5 

(2) 5.0 

(3)* 7.5 

(4) 2.5 

(5) 5.0 

Table 2 Structural parameters and calculated even-and odd-mode 

characteristics of several coupled sections (*: inverted type struc-

ture). The conductor losses are calculated at 20 GHz. 

Calculated characteristics 

Structural parameters Characteristic 
Effective dielectric [μm] Coupling impedance 

constant 
[dB] 囮］

h2 Ws G2 Even Odd Even Odd 

7.5 15 110 -2.99 122.6 20.9 4.657 3.876 

5.0 27 220 -3.01 120.6 20.7 5.962 4.302 

2.5 10 120 -3.05 120.9 21.0 6.450 6.013 

7.5 '10 40 -5.70 87.4 27.7 3.711 3.806 

5.0 16 70 -6.18 86.3 29.5 4.723 4.230 

Conductor loss 
[dB/mm] 

Even Odd 

0.251 0.808 

0.241 0.464 

0.421 1.105 

0.324 0.788 

0.262 0.462 



上

Table 3 Structural parameters and calculated characteristics of 

thin film transmission lines for use in a multilayer branch-line hy-

brid. The conductor losses are calculated at 20 GHz. 

Structural parameters [μm] Calculated characteristics 

Transmission 
Characteristic Effective Conductor 

line structure Polyimide 
Line width impedance dielectric loss 

thickness 
囮］ constant [dB/mm] 

Microstrip 
5.0 10 50.1 2.870 0.398 

line 

Inverted 
microstrip 5.0 10 35.0 5.962 0.590 

line 

Table 4 Calculated performance of 3 dB-couplers and a multilayer 

branch-line hybrid. 

Structure 
Calculated results [dB] 

Coupling losses Return loss 

3 dB-coupler (1) 3.75士0.05 >26 

3 dB-coupler (2) 3.6士0.1 >23 

3 dB-coupler (3) 3.95士0.05 >29 

Multilayer branch-line 5.4士0.2 >17 

Isolation 

> 26 

>22 

>29 

>15 
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are suitable for medium and tight couplers with low-loss. To compare the 

performance, we simulate the characteristics of the proposed coupler and the 

multilayer branch-line hybrid reported in [4], using values from Tables 2 and 

3. The calculated coupling losses, return loss and isolation of the circuits are 

summarized in Table 4. Moreover, the frequency characteristics of a 3 dB-

coupler and the hybrid are shown in Fig. 20. Although both circuits employ 

thin film transmssion line structures, the coupling losses of the proposed cou-

pler are approximately 1.8 dB smaller than those of the hybrid ring at a center 

frequency of 20 GHz. This is caused by the usage of four quarter-wavelength 

transmission lines in the hybrid ring. By reducing the total transmission line 

length, we can obtain excellent performance within a small area. 

On the basis of the calculations, it is easy to determine the widths of the 

coupled microstrip lines and location of the floating conductor corresponding 

to the odd-mode characteristics, and the tuning septum in the ground conduc-

tor corresponding to the even-mode characteristics. In addition, the proposed 

configurations have excellent design flexibility, since various structures can be 

fabricated utilizing a multilayer MMIC process. For example, a loose coupling 

of less than -30 dB can be obtained by removing the floating conductor and 

tuning septum, and by using a structure of coupled triplate lines. 

3.4 特性

A 3 dB-coupler (type (a) in Table 2) is designed for a center frequency 

of 20 GHz and fabricated on a GaAs wafer surface. A microphotograph of 

the fabricated coupler is shown in Fig. 21. The chip size is very small, e.g., 

1.1 mm  x 1.1 mm  including CPW input/output ports for measurements. 
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Fig. 21 Microphotograph of a fabricated 3 dB-coupler. 
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The coupling length of the structure is 1820μrn, and coupled section has a 

meander-like configuration to reduce the circuit area. Each microstrip conduc-

tor is connected to the CPW input/output ports on the GaAs wafer surface 

through via-holes (15μm x 15μm). The couplers are tested using on-wafer 

probes and an HP8510B network analyzer. Termination-probes, whose re-

turn losses are better than 20 dB up to 40 GHz, are also used. Frequency 

characteristics of the coupler are shown in Figs. 22(a) through 22(c). The 

calculated values are also plotted in the figures including discontinuities in 

the transition regions between the coupled sections and input/output ports. 

The coupler shows coupling losses of within 3. 7 dB士0.2dB, and the phase 

difference between coupling-port and through-port is 91° 士1°inthe frequency 

range of 18-22 GHz. Furthermore, isolation is better than 28 dB and return 

losses are better than 22 dB in the frequency range of 0-30 GHz. Excellent 

performance is obtained, while the chip size is similar to those of previous 

reports [4], [8]. The directional coupler can be applied to balanced amplifiers 

and image-rejection mixers with no degradation in circuit performance and 

increase in circuit area. A 6 dB-coupler is also fabricated and measured. A 

microphotograph and measured characteristics of a fabricated 6 dB-coupler 

are shown in Figs. 23 and 24, respectively. Coupling loss of 6.8 dB土 0.2dB, 

return losses of better than 22 dB and isolation of better than 25 dB are 

obtained in the frequency range of 18-22 GHz. 

In general, a rat-race hybrid, which is constructed with one 3/4-wavelength 

and three 1 / 4-wavelength transmission lines, is employed as a 180-degree cou-

pler in microwave circuits. However, such a hybrid using thin film transn1ssion 

lines shows unbalanced port characteristics and a relatively large insertion loss 

4 5 



0.0 

-2.0 

[
 
B
P
]
 
s
s
o
1
6
u
1
1
d
n
o
o
 

-4.0 

-6.0 

-8.0 

-10.0 

゜

＼
 

‘、
7
 

ヽ
ヽ

ヽ
ヽ

ヽ

-----~---
Coupled-port 

,‘
 ヽ

｀
 

Through-port 

1 0 20 

Frequency 

3 0 40 

[GHz] 

0.0 

[
 
B
P
]
 

-10.0 

ssor 
uJnJaJ・uo1ie1os1 

-20.0 

-30.0 

Isolation 
-----Return loss: S11,S44 

ー・一・-Return loss: S22,S33 

ー／

I _,. 
、、,,. . 

/I 
／．， 

-・ ・ヽ-. -
、-----------~:>•そこ -·~--、- • I .,. ン""・- ..- --- _, 

• I .、 ・ク、．.,.、-、 9
I,  - . - ・ .  -- ___ ,, 

ヽ
ヽ

＇ ヽ
＇ 

-40.0 

゜
1 0 20 

Frequency 

30 40 

[GHz] 

180.0 

150.0 
[
 
B
a
p
]
 120.0 

aouaJaJJ!P 
a
s
e
4
d
 

90.0 

60.0 

30.0 

0.0 

゜
1 0 20 

Frequency 

30 40 

[GHz] 

Fig. 22 Measured characteristics of a fabricated 3 dB-coupler. (a) 

Coupling losses, (b) return losses and isolation and (c) phase differ-
4 6 

ence. 



Fig. 23 Microphotograph of a fabricated 6 dB-coupler. 
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because of the 3/4-wavelength line whose loss is three times that of the oth-

ers. To solve these problems and to demonstrate the ability of multilayer 

MMIC structures, we design a reverse-phase hybrid ring [14] replacing the 

3/4-wavelength line of the rat-race hybrid with a 1/4-wavelength coupled sec-

tion. The circuit diagram and measured characteristics are shown in Figs. 

25 and 26, respectively. The intrinsic chip area is 2.3 mm  x 0.5 mm. The 

hybrid ring consists of one coupled section (Zeven = 159 D, Z。dd= 27 D) and 

three 70 n transmission lines. All microstrip conductors are formed on the 

same dielectirc layer to avoid junction discontinuities. The hybrid ring shows 

measured coupling losses of within 5.3 dB士0.5dB. Return losses and isola-

tion are better than 17 dB and 20 dB, respectively, in the frequency range of 

18-22 GHz. Good performance is obtained using the proposed coupler con-

figurations. Phase conditions in the out-of-phase and in-phase operations are 

170° 士5°and5° 土2°,respectively. The differences from ideal performance 

are caused by parastic inductors between the coupled section and short-end. 

3.5 まとめ

Small-sized multilayer MMIC directional couplers using coupled thin film 

transmssion line structures composed of thin dielectric layers on a GaAs wafer 

surface have been proposed, and their performance and application have been 

demonstrated. 20 GHz-band couplers have been designed within small areas, 

less than 1.0 mm2, while excellent performance has been maintained. The 

proposed coupler configurations can be applied to the high-density and multi-

function integration of MMIC modules such as balanced circuits and RF signal 

processing circuits. 
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光マイクロ波集積回路・光集積回路

提案する光ファイバミリ波通信ネットワークでは、無数の超小型移動端末器

を制御するためにピコセルゾーンを形成し、多数の無線基地局を配置することに

なる。この無線基地局には光およびミリ波信号の処理機能および、小型化・低コ

スト化が要求され、従来の光電子集積回路 (OEIC)では対応できなくなる。

新しい集積回路の考え方が必要になる。その一手段として、マイクロ波能動素子

（例えば、 HEMT、HET) を光制御マイクロ波素子として利用する光マイク

ロ波集積回路を提案した。以下に、 HEMT光検出器を用いた光ファイバリンク

の伝送特性と MMIC化光受信器について述べ、また、光集積回路では分岐型光

導波路の小型化に関して述べる。本提案は高機能な外部変調器や光ビームフォー

ミング等に適用できる。

4 光ファイバリンクにおける HEMT光検出器の伝送特性

A monolithic integrable HEMT photodetector is experimentally inves-

tigated for use in fiber optic subcarrier transmission links. The frequency 

response and noise performance of the HEMT photodetector are discussed in 

this paper. The results include a response of 1.0 A/W and a signal-to-noise 

ratio of 49.8 dB (BW = 1 MHz, Popt = -8.5 dBm), at a subcarrier frequency 

of 1 GHz. This photodetector is expected to contribute to high-performance 

and cost-effective optical/RF transducers. 

4.1 はじめに

Optoelectric integrated circuits (OEIC's) are being investigated for use 

in fiber optic links, because they can reduce size and improve performance 

[1 ]. OEIC's made from GaAs-based materials are used in short-wavelength 

systems such as optical LAN and CATV networks. At present, fiber optic 

subcarrier transmission links are being investigated for use in personal com-

munications. In such applications, a large number of radio base stations are 
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required for signal distribution to personal terminals [2]. Therefore, it is im-

portant to reduce the cost of radio base stations. 

Monolithically integrated MSM photodetectors have been used in OEIC 

receivers due to their simple planar structures [3]. However, the responsivity 

of the MSM photodetector is quite low. As an alternative, HEMT photode-

tectors (HEMT-PD's) can be used. HEMT-PD's have structures and fabrica-

tion processes are compatible with those of GaAs MMIC's, therefore they are 

cost-effective. It should be added that HEMT's and MESFET's have been 

employed for high-speed optical pulse detection [4]. However, the fundamental 

properties of the HEMT-PD in fiber optic subcarrier transmission links have 

not been well characterized [5]. In this paper, the frequency response and noise 

performance of HEMT-PD's fabricated using the conventio叫 MMICprocess, 

are experimentally discussed. Such HEMT-PD's are expected to be used in 

fiber optic links, replacing pin-photodetectors. An optical MMIC receiver that 

employs the HEMT-PD and distributed amplifiers is also demonstrated. 

4.2 光ファイバリンクによる実験

The experimental setup for electro-optic on-wafer measurement of the 

photodetectors is shown in Fig. 27. The frequency response of the photode-

tectors was measured with an HP8703A network analyzer. The noise perfor-

mance was evaluated with a spectrum analyzer as a function of illuminated 

optical power, and a low noise pre-amplifier was used to reduce the analyzer 

noise. To evaluate the wide-band performance, a 0.83 1-nn-wavelength optical 

source and a LiNb03 external optical modulator (EOl¥d) were used together as 

an optical transmitter, and the modulation depth. of the EOM for subcarrier 
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signals was 70 % at 1 GHz. Since the HEMT-PD's were fabricated on a GaAs 

wafer, an on-wafer microwave probe station was also employed to detect the 

subcarrier. The input optical beam was focused on a HEMT-PD through an 

optical fiber and beam collimation lens using a long working-distance micro-

scope objective lens. The spot diameter and maximum illuminated optical 

power were 20μm and 0.39 mW, respectively. 

The AlGaAs/GaAs HEMT's with cut-off frequencies of up to 40 GHz have 

a gate length of 0.25μm. In our experiment, the input port of the HEMT-PD 

was terminated with a 50 0-load, and the drain voltage was set at 2 V. The 

optical carrier illuminated the active layer around the intrinsic gate region, 

between the source and drain electrodes. Therefore, the coupling efficiency 

was reduced due to the narrow length of the active layer. Although the 

coupling efficiency was less than 20 %, the measured drain current responsivity 

was approximately 1.9 A/Wat zero gate bias, a value higher than that of the 

pin-PD. The HEMT-PD exhibited a much higher photocurrent gain due to 

the photoconductive and photovoltaic effects in the active layer [6]. 

4.3 周波数応答

The frequency response of HEMT-PD's with gate widths of 25μm, 50μm, 

100~Lm and 200μmare shown in Fig. 28. That of a pin-photodiode (pin-PD 

module) with a 0.30 A/W responsivity and a 10 GHz bandwidth, is also 

measured for a performance comparison. Since the response of the EOM is 

substracted from the total link gain, the frequency response values show the 

intrinsic values of the photodetectors. The responses of the HEMT-PD's are 

slightly higher when the gate width is narrow. For example, the response of 
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the 25μm-gate-width HEMT-PD is 10 dB greater than that of the pin-PD 

at a frequency of 1 GHz. At frequencies above 5 GHz, the responses of the 

HEMT-PD's become the same as that of the pin-PD. Then, up to 20 GHz, 

they drop rapidly with increasing subcarrier frequency, and range from 5 dB 

to -25 dB. 

The gate bias dependence of the frequency response is shown in Fig. 29. 

The response of the HEMT-PD rapidly decreases with higher gate bias voltage 

at frequencies of up to 5 GHz. This show that the frequency response is 

dependent on the gate and drain voltages, and is not strongly dependent 

on the gate width. The response speed of the photoconductive current and 

the photovoltaic current, which are key factors in HEMT photodetection, are 

limited by the mean carrier lifetime [7], [8]. Therefore, the frequency of the 

3 dB-bandwidth decreases to a value of approximately 0.8 GHz. 

4.4 雑音特性

Figures 30(a) and (b) show the detected output power and signal-to-

noise ratio (SNR), respectively, for a fiber optic subcarrier transmission link 

composed of the HEMT-PD and an optical transmitter, as a function of il-

luminated optical input power. The measured noise bandwidth, subcarrier 

frequency and input sig叫 levelare set at 1 MHz, 1 GHz and O dBm, re-

spectively. Values for a pin-PD with an amplifier (pin-AMP), which is the 

conventional configuration of an optical receiver, are also shown. The ampli-

fi.er has a gain of 20 dB and a noise figure of 5.9 dB. The signal level of the 

HEMT drops linearly, and a noise equivalent power (NEP) of -71 dBm/ v1石

is obtained. Although the signal level of the HEMT-PD is approximately 8 dB 
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lower than that of the pin-AMP, the noise level of the HEMT-PD is 16 dB 

lower. The SNR of the HEMT-PD whose gate width is 25μm, is 8 dB lower 

than that of the pin-AMP as shown in Fig. 30(b) when the optical power is 

-33 dBm. 

Figure 31 shows the SNR of the HEMT-PD's as a function of gate voltage. 

The SNR curves each show a ratio peak, and are strongly dependent on the 

gate width and gate voltage. These results show that the channel noise of the 

HEMT-PD's increases with increasing drain current, while the signal level 

of the HEMT-PD's rapidly decreases with decreasing drain current. Figure 

32 shows the frequency dependence of the SNR. The measured HEMT-PD 

had a gate width of 25μm. At frequencies of up to 5 GHz, the SNR of the 

HEMT-PD is larger than that of the pin-AMP. 

4.5 光受信器への適用

To demonstrate the flexibility of circuit design using the HEMT-PD, we 

fabricated an optical receiver utilizing the conventional MMIC process. A 

microphotograph of the fabricated MMIC is shown in Fig. 33. The chip area 

is 1.55 mm  x 1.7 mm. The MMIC is constructed with a cascade connection of 

HEMT-PD and microwave distributed amplifier. The amplifier block, which 

is constructed using 4-section HEMT's, exhibits a gain of 7.5 dB士0.5dB, 

and the input/output return losses are better than 10 dB in the frequency 

range of 4 GHz to 30 GHz. 

The measured and calculated characteristics of the MMIC are shown in 

Fig. 34. In the frequency range of 4 GHz to 20 GHz, the response of the 

fabricated MMIC is approxi1nately 6 dB greater than that of the discrete 
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Fig. 32 Frequency characteristics of the signal-to-noise ratio. The 

illuminated optical power and spot diameter are -31 dBm and 10μm, 

respectively. 
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Fig. 33 Microphotograph of a fabricated MMIC (1.55 mm x 1. 7 mm). 
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HEMT-PD, as a result of the amplifier gain. The output return loss is better 

than 10 dB, while the return loss of the HEMT-PD is less than 2 dB. 

4.6 まとめ

A monolithic integrable HEMT photodetector, whose device structure, 

fabrication process and bias conditions are compatible with those of GaAs 

MMIC's, has been introduced for use in fiber optic subcarrier transmission 

links. The photo response and noise performance of the HEMT-PD's were 

characterized, and an optical MMIC receiver was also demonstrated. Al-

though the device structure of the HEMT-PD was optimized for microwave 

circuits, a photo response of 1.0 A/W and a signal-to-noise ratio of 49.8 dB 

were obtained at a frequency of 1 GHz. Therefore, MMIC HEMT's can be 

expected to contribute to low-noise and cost-effective optical/RF transducers. 
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5 光導波型デバイスの小型化（分岐型光導波路）

Symmetrical 3-branch optical waveguide structures, which can divide 

power equally at each branch, are proposed from calculations by the beam 

propagation method. The structure are constructed with a triangular shaped 

spacing area in the central branch to control the transmission coefficient be-

tween each branch and the main waveguide. The proposed 3-branch waveg-

uides can be easily designed due to their simple configuration. 

5.1 はじめに

Branching waveguides are important and essential components in optical 

integrated circuits. For instance, Y-branch waveguides that can divide power 

equally are employed as optical power dividers, switch arrays and interfer-

ometric modulators [1]-[3]. Symmetrical multibranch optical power dividers 

with equal power division, whose branch number is a power of 2, can be con-

structed using a cascade connection of Y-branch waveguides. However, they 

occupy a large circuit area. One of the most important problems in multi-

branch waveguides, with a branch number greater than two, is controlling 

the power ratio at each branch. Syrnmetrical 3-branch waveguides with equal 

power division for optical power dividers have been investigated [4]-[6]. How-

ever, these 3-branch waveguides are cmnplicated and show large excess losses 

due to modifying the index distributions in the branches. In this letter, we 

propose a simple structure for a symmetrical 3-branch waveguide with equal 
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power division and also demonstrate the design curves. 

5.2 多分岐光導波路の構成

A conventional 3-branch waveguide with a uniform index distribution, 

there is more power at the central branch, compared to the others. There-

fore, the transmission coefficient between the central waveguide and the main 

waveguide is reduced by the spacing area in the central branch. The basic con-

figurations of the proposed 3-branch waveguides are shown in Figures 35(a) 

and (b). In such cases, a two dimensional syn皿 etricalslab geometry is as-

sumed for simplicity. The proposed structures are different from the conven-

tional structure in that the central branch has a triangular shaped spacing 

area. This area works to reduce the transmission coefficient between the main 

waveguide and the central branch. The waveguide width, branching angle and 

total length from the branching point to the end of the triangle are denoted 

by T, 0 and L, respectively. When the spacing area is zero, the structure 

becomes a conventional 3-branch waveguide. When the spacing area is large 

the structure becomes a Y-branch-like structure, with a small transmission 

coefficient between the central waveguide and the main waveguide. There-

fore, a symmetrical 3-branch waveguide with equal power division is obtained 

by controlling the spacing area which is formed area which is formed in the 

core region of the central branch. The structures are classified as follows: 

(1) Conventional 3-branch for L < T /2• cot 0 

(2) 3-branch with triangular shaped spacing for T /2• cot 0 < L < T• cot 0 

(3) 3-coupled waveguide-like structure for L > T• cot 0 

Th b f e num er o geometric parameters 1n the proposed structure is only one 

． 

ヽ
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Fig. 35 Proposed 3-branch waveguides. (a) 3-branch with trian-

gular shaped spacing. (b) 3-coupled waveguide-like structure. 
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more than that of a conventional structure. Therefore, the proposed struc-

tures can easily be designed by the length L and can be fabricated utilizing 

semiconductor device processing technologies such as dry etching or ion im-

plantation. 

5.3 ビーム伝搬法による設計

To demonstrate the field distribution of the proposed 3-branch structures, 

we employ the beam propagation method [7] (BPM) for numerical analysis. 

Each waveguide is assumed to operate in the TE。mode,and the operating 

wavelength and waveguide width are 1.0μm and 6.6μm, respectively. The 

index values of core, cladding and substrate are 1.502, 1.500 and 1.500, re-

spectively. The effective index can be substituted in the dispersion equation 

in a homogeneous slab waveguide. The optical power ratio, Pi, is given by 

Pi= I Ai/Ain J2 (i=l,2,3) (11) 

where the normalized field amplitude, Ain, in the main waveguide and Ai, 

in the i -th branch are given by [4]. The optical power ratio of each branch 

as a function of length L when the branching angle is 1.0 degree is shown 

in Fig. 36. In a conventional 3-branch waveguide (case 1), the power ratio 

of the central waveguide, P2, is greater than that of the other branches, Pl 

and P3. However, in the 3-branch waveguide with a triangular shaped spac-

ing area (case 2), the power ratio of the center branch is decreased from 0.6 

to 0.0 due to the increase in the length L, and the power ratio of the other 

branches is increased fro1n 0.2 to 0.5. Power is equally divided at each branch 

when the length L is 335μm'. The total power, Pt, of the various lengths 

L slightly decreases compared with that of a conventional structure. The 
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proposed 3-branch waveguides essentially have the antenna coupled structure 

reported in [8]. The antenna coupled Y-branch achieves a low junction loss 

when the branching angle is large. Therefore, the proposed structure achieves 

low branching losses in various cases. The field distribution in this condi-

tion is shown in Fig. 37. The propagation distance and propagation steps 

are 2000μm and 1μm, respectively. The power ratio of each branch as a 

function of the length L when the branching angle is 0.5 degrees is shown in 

Fig. 38. In this condition, the design curve shows a power peak due to the 

resonance between the central branch and the outer branches. The radiation 

effect in the spacing area is also important, since the wavefront becomes circu-

lar. Equal power division is obtained when the structure becomes a 3-coupled 

waveguides-like structure (case 3). Consequently, equal power division is ob-

tained between approximately 0. 75 and 1.5 degrees with the 3-branch, tri-

angular shaped spacing structure, and is obtained at other branching angles 

with a 3-coupled waveguide-like structure. 

5.4 まとめ

A Simple structure has been proposed to divide power equally in the 3-

branch waveguide. Equal power division was achieved by forming a triangular 

shaped spacing in the central branch. The proposed structures can be used for 

optical power dividers whose output port numbers are 2N x 3り Furthermore,

these structures can be applied to 4-or 5-branch waveguides by using a similar 

spacing area. Therefore, various optical power dividers and switches can be 

designed in a small circuit area. 
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6 あとがき

報告者がATR在籍中に担当した主な研究、多層化MMICおよび光マイク

口波集積回路について述べた。多層化MMICではその有効性を広く周知させ、

光マイクロ波集積回路ではマイクロ波素子の光ファイバ通信への適用を示し、そ

の有効性を確認した。さらに、これらの研究成果を踏まえて、新しい光マイクロ

波（ミリ波）集積回路の概念を提唱した（第 13回光電波研究討論会資料参照）。
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