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Investigation of Subharmonic Mixer Based
on a Quantum Barrier Device

W. Y. Liu, Member, IEEEand David Paul SteenspMember, IEEE

Abstract—This paper presents our findings on novel subhar- frequencies, at which the unbiased capacitance becomes a dom-
monic mixers using quantum barrier devices. These devices appear jnant factor, QBD’s appear to be a more flexible device than the
to be ideally suited to terahertz operation because of their highly Schottky junctions in this respect.

nonlinear and predictable characteristics. Analytical evidence, to- . h - .

gether with experimental proof-of-principle results, is presented Prl_marlly thO_UQh' it '_S th_e fa_ct that the barriers of a QBP Car_1
for a quantum-barrier-device mixer in order to demonstrate there- b€ tailored during fabrication in such a way that the nonlineari-
sult of intrinsic effects that effectively control the device nonlinear- ties associated with the device can be brought under control to
ities and, therefore, the mixing performance. Such behavior is not favor either high- or low-power pump requirements. It is also
found in Schottky junctions, and can be used to provide efficient ,sgiple to choose different layer structures for a device of the
subharmonic operation at terahertz frequencies with the signifi- di ter to obtai i isti i ities. F
cant advantage of permitting the use of very low levels of local-os- _Se_lr_ne lame .er 0o alr! op Ir_n_um resis 'Ve non Inearl_les. ex-
cillator power. ibility to modify the nonlinearities at a device level or in terms
of the transmission coefficient resulting from quantum interfer-
ence effects, together with the flexibility to modify the electron
distribution in the emitter (i.e., the supply function) means a

|. INTRODUCTION flexibility to tailor the nonlinear behavior to favor different oper-
ODAY, subharmonic mixers are widely employed 281ing conditions. This is the primary advantage of using QBD's

down-converters at millimeter- or submillimeter-wavé> submillimeter-wave subharmonic mixers.

; L : : The excellent intrinsic mixing performance has been reported
frequencies, primarily because this type of mixers perform . ; . ; .
reasonably well with local oscillators (LO’s) of lower fre_prewouslyln [61. [8], and [3]. In addition, Tait [8] has also iden-

quency. The most common type of subharmonic mixer is ﬂt.i jed other advantages of a heterojunction barrier device suit-
Schottky-based second harmonic mixer. The subharmo

ble for millimeter-wave mixer design, including the opportuni-
mixer is normally realized in a pair of Schottky diodes conlies to fabricate low-barrier-height structures that reduce the LO
nected in antiparallel, the purpose of which is to suppreg

gwer requirements and to improve device reliability under both
the fundamental mixing that will otherwise reduce the powé:lpntmuous-wave and pulsed-power operation. This has been ex-
available for second subharmonic mixing. Although two diod

e%erimentally demonstrated by the authors using a QBD in an an-
connected in antiparallel is conceptually simple, any mismatglg'

er similar experiment [9], in which a conversion of less than 9
in the physical and electrical characteristics between the t\é was achieved for an 18-0.9-GHz subharmonic mixer using a
diodes will potentially waste the LO power that could otherwis

Index Terms—Quantum barrier device, subharmonic mixer.

ouble barrier device in the absence of any dc bias. Mixing with
be used for the desired harmonic components conversion gain at th&-band has also been demonstrated as

Alternatively, a much more attractive solution is to replacgeing possﬁble V\(hen biaseq negatively or positively to the nega-
the pair of antiparallel diodes with a single quantum barrier dg\-/e dynamic resistance region [8]. These results show that supe-

vice (QBD) [5], [6], [8], [2], which has a highly nonlinear and"or mixin_g p_erformance of a QBD at microwave or millimeter
antisymmetric conductance. In this way, the antisymmetric Co“g—zquenrc]les ']f‘ wnhgut':}d;)ubt. ll—!{pwialver, t_r;_e e t?]as yet b(ta_eln fany
ductance intrinsic to this type of device can effectively suppre fgSearch performed that analytically verifies the essential tea-
the fundamental mixing in a subharmonic mixer design. This {4r€S of the baf”er dev!ces that Schpttky dpwces Canmt o_ffer.
just one of the advantages that justify the use of a single QBDm_the following §ectlo_ns, the b.aS'C mixing mechanism n a
in realization of a subharmonically pumped mixer. nonlinear network is reviewed, with particular reference given

Another advantage attributed to the QBD is that this class @fltlhg ele_ctrlczt;ll pzha;/_mrt(r)]faQBD.t,_A rlné).;f quahtatl\ée;creatm?hn t
devices contains multiple barriers arranged in series. The b j© be given to iden ify the essential differences between the

rier width and interbarrier spacing can be tailored in such rrier and Schottky diodes.
way that the unbiased capacitance can be minimized. The un-
biased capacitance normally contributes negative effects to the
overall mixing performance. In a mixer operating in terahertz In this section, the frequency-conversion mechanism of a
mixing device is qualitatively reviewed. Our derivation will be
Manuscript received March 30, 1999. This work was supported by tr}%ased O_n ah arbitrary nqnllnear deV|.ce that can be }Jnderstopd as
Engineering and Physical Sciences Research Council, U.K., under Cont@actombination of a nonlinear capacitor and a nonlinear resistor
GR/L/43633 and Contract GR/E/91325. - __connected in parallel, as shown in the equivalent model of
The authors are with the School of Electrical Engieering, The University g 1. Th .. d L he device i d
Leeds, Leeds LS2 9JT, UK. ig. 1. The series impedance intrinsic to the device is assume
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where the binomial coefficient is given a.]é}) = C(i,j) =

fe(Y(4) e 21/ [71(¢ — )!]. Inserting the expression of (5) to the second term

7: of (4), and following some algebraic manipulation, we obtain
e

o s the IF component of the resistive current as

- i\ VaV
i ~ ; . L 1t ¥ .
Fig. 1. Equivalent circuit of a nonlinear diode. b lf(t) z%(L + 1)az+l <L + %) 21 % COS(wlft)
7=

Under two-tone modulation, a nonlinear device is simulta- +Z(i + Daita <é> ;Z L0 % cos(wirt + ir)-
- . . . . i—0 2
neously excited by the two time-dependent sinusoidal signals,
namely, the RF signdlzr(t) = Vit cos(w,rt) and the LO pump (6)
Veo(t) = Vio cos(wipt). In the absence of any bias, by superim-
position in the time domain, the voltage across the diode jurg— Capacitance Mixing
tion is given as '
For completeness, the effect of the nonlinear capacitance vari-
ations is also considered, although in typical mixer realizations,
this is often treated as having a much lower significance and is
M) minimized by using a fully depleted junction or Mott approach
(named after N. F. Mott) [1], [4]. Similarly to the nonlinear re-
wherewis = wr — kwio and Vi cos(wist + 9i¢) represents the gigior the nonlinear capacitance of a pair of Schottky diodes
IF voltage Vir () due to the termination impedance at the Iizynnected antiparallel can be equally generalized into a power
terminal.k can be any nonzero integer. series to describe any theoretical or experimentally observed ca-

pacitance versus voltage behavior

V(t) = Vi cos(wyrt) + Vi cos(wiot) — Vip cos(wirt + ir)

A. Resistive Mixing

The nonlinear resistance of a diode can be modeled as a ( ) — R
voltage-controlled current generator, with the nonlinéal” (v ;ij(t) @
relationship given as a multiorder polynomial
where the coefficient o/ (¢)7, C; is ideally equal to zero for
i h odd numbers of's. The unbiased capacitance for the antipar-
L.(t) = Z a; V(t). @) allel Schottky structure is, in essence, contributed by cross-sec-
=0 tional areas of two Schottky devices connected in parallel. In the

case of a QBD, however, the capacitance contributed by barriers

Assume that, as in the normal situation, the LO voltage is veré/ . . L ) .
. X . ._is in effect, a series combination of a nonlinear capacitance and
much greater in magnitude than the RF signal. Under a resistiv

.. " . ) o a fixed capacitance, which can expressed as
mixing condition, where conversion loss is a norm, it is reason-

able to assume that . .
Cr (V(t)) =1 / L. ®)
Vi > Vir > Vi ® w  Cu(ViD)

Applying Taylor expansion on (2) abo{ltrr(t) — Vip(t)) = 0, Where
and because of the assumption made in (3), the resistive current

can be reasonably approximated as Cao = ereoA/d, 9
ir(t) and
- Ll - Cal V() = e, A)d( V(). 10
~ ZaiVLO(t)Z + 3 Z'LaiVLO(t)Z I(VRF(t) - VIF(t))- d( ( )) ergod/ ( ( )) (10)
1=0 1=0

(4) SubstitutingV’ (¢) = 0 to (8) so thatC;(V(¢)) = oo, we obtain
the unbiased capacitance @ (0) = Cj,. Unlike the case of
In the foregoing analysis, the formula of (5) will be used tGcNOtky junctions, where the unbiased capacitance is always
extract a particular harmonic of the LO signal determined by two Junctu_)n_s in parallel, th(_a unbiased capaci-
tance of a QBD can be minimized by reducikg
. i/ The barrier current can be determined by the time derivative
(Vzo COS(wzot)) = Yz L e | cos(kwg,t) of the instant charge accumulated in the barriers. Since the in-
2 L+ 3 stant charg€)(V (¢)) accumulated in the junction is given as

Vlf; 4 Jwie(2r—i)t oo
3z () a(v) =c(vio)lvem =S o an

rh 1Tk
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the instant capacitive current as a result of instant changetafice and the resistive current as a result of the embedding non-

chargeQ(V (t)) can be determined simply by linear resistance. That is,
d(Q(V(t))) dV(t) dV(t) n . . > (L + 1)01“/12‘/1{ 7
[.c 1) = _ K NCV(t j' 'Lif(t) = Wjir Slll(CUift) Z'L—i . k
ie(t) av(t)y  dt dt jz::o(“ eV par 2 bt 2
(12) + wyr sin(wirt + i) ZL(L + 1)26;1‘/10% < é )

Differentiating (1) with respect to time gives the time derivative = . . ’
of the voltage across the nonlinear capacitance as + cos(wiet) Z (14 1)a2ij1Ver10 <L J: X )
AV () Ve sin(untt Vi sin(wnt) i=0 2
5, = —Wrf Vef SHI{Wrfl) — Wio Ve S W]e X (s Da.y V- ‘/Z s

dt . + COS(CUift+T/)if) Z m [; . (16)

+wir Vie sin(wigt 4+ ir).  (13) ~ 2¢ 5

Now, by substituting (13) into (12), and by applying Taylor exgjnce the load admittandé; of the IF product harmonic is given

pansion to the bracke_ted term.of. (12) in the similar manner 881, = v, Yy, with all variables being the phasor quantities, the
was done for the nonlinear resistive current, we have total currenti(¢) can then be expressed as

ic~ [ — Wi Virsin(wirt) — wioVio sin(wio?) ii0(t) = RefvYir} = Re{uir} Re{Yir} — Imn{oir} Im{ Vi)
(7)

it Vie sin(wirt + 13 T ;
+wir Vie sin(wir? + 1hir) The phasor;; = Vi exp(jii) means that we can express

> sl Re{vir } andIm{wvis }, respectively, aBe{v;; } = Vir cos(wirt+
X | D i+ 1DCiVio() + 51 Y ii+1) ie) andIm{vi} = Vie sin(wiet + v5¢). Thus, (17) becomes
=0 =0

i Gie(t) = Vie cos(wirt + i) Re{Yie}
X GiVio(t)'™ (VRF(t) ~Vio (t))] - (14) —Virsin(wiet + i) Im{ i}, (18)

Now, if we apply (5)—(14) with some algebraic manipulationEquating (18) to (16) and with some algebraic rearrange-
the IF mixing product in the capacitive mixing will finally be ments, we finally obtain the magnitude of the IF voltage,
shown in (19), at the bottom of this page, whdfe and K

Geis(?) :wifsin(wift)zfi% < ¢ k) are, respectively, given a&; = ((i+1)/2")(;,;,2)) and
i=0 24 vt K= G+ 1)/2i)((i;2)), ands + (k/2) must be an integer. It
] (DO VEVie [ follows from (19) that the IF voltage for the second harmonic
it Sln(wift+¢if)zzT <1 * mixers, i.e.,k = 2, can be rewritten as (20), shown at the
=0 2(15) bottom of this page, wherd; = ((2i+1)/2%)(,%,) and

K; = ((2i +1)/2%)(*). The embedding impedance of the
Equation (15) is consistent with (6), except for the fact th&O and RF inputs can be evaluated similarly using the above
the effect of the nonlinear capacitance in (15) is proportionaltgchnique of analysis and will be dealt with in a future paper.

scaled by the IF frequency. b Imolicati
. Implications

C. Overall Mixing Equivalent In the discussion that follows, the features of the second har-
The total current flowing into the mixing device is the sum ofnonic mixer using a QBD will be qualitatively derived from
the capacitive current due to the embedding nonlinear capa@o).

N N
(Zi2o KiaisaVii) +ud( T2 KiGV)

(RE{YH} + 2o Klait Vﬁ,) 4 |:IIH{YH} +wir Yo KiC; Vd :

Vie =V} (19)

N 2 N 2
(Crmo Kiain Vi) + i (720 KiCos Vi)

N 2 N12
(Re{¥ir} + a1 + 252, Klaz 1 V2) + [Im{Yie} +wie (Go + 232, KIGVE )]

Viie=Vi (20)
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1) Voltage-Independent Admittanc&@he denominator of
(20) contains two voltage-independent terms related to the
nonlinearities intrinsic to the device, i.e.; andw;;Cy. Like
the parasitic burden to a network, the effecupfandCj is to
reduce the IF voltage, thereby degrading theactor of the
device.a; and Cy represent, respectively, the linear conduc- |
tance and unbiased capacitance of the device. Mathematicall |
speaking, a polynomiaP(z) = po + p1z + p222 + -+ - + pn2"
will behave likepg + p1 2 Or po + P 2™, Withm > 1, for a very
small value of|z|. Accordingly, when a second subharmonic
mixer is pumped at a very low LO voltage, it is expected that
(20) will behave like (21), shown at the bottom of this page,
which means the effect of the linear conductance and unbiase
capacitance is particularly dominant at a very low LO pump.

Now, if the capacitance effect is suppressed, either by ap- ()
plying the correct IF admittance or by using a relatively low IF
frequency, (21) can be simplified as

K Second Minirmm in C. Third Mizi mCL
_ 1
Vie= Vit Re{Ya) + a1 e . (22) First Minizmam in CL
asVy] .
By direct inspection of (22), while the presence of voltage-inde- Region &

pendent conductance in the device is to reduce the IF voltage at

low LO application, the role ofs is to scale up the effect of the

LO power, which monotonically increases the IF power until it

reaches the NDR region. The behavior of (22) is best illustrated

by Fig. 2, which shows a graph of IF power versus LO power at

different LO frequencies. SEEEE N L
2) First Minimum Conversion Losslf the LO power is fur- (b)

the'_' increased beyond the r_1e_gat|ve dlfferen_tlal r_eS|stance (qula 2 (a) Measured IF power versus LO power characteristic. (b) Simulated

regions of thd—V characteristic, the approximation of (21) andonversion loss versus LO power (CE conversion loss).

(22) will no longer be valid. However, for the sake of prediction

of the mixing behavior at low LO application, we can still apply e ater the magnitude of any negative coefficient of the lowest

the appropriate approximation to describe the behavior t0 figyer such ag; in this instance, implies that the NDR regions

first order, without over sacrificing accuracy. We can apProXgiil be closer to the origin of thé-V characteristic. It follows

mate (22)_, say, by incorporating the next higher order effectinfQ,« |ower LO power will be required to reach the first minimum
the equation, as in conversion loss if the NDR regions are drawn closer to the

LO Power (dbm}

3 ., 5 . y-axis of thel-V characteristic.
7%V T % V5o 3) Implications of Multiple Minima in Conversion
Vie = Vi 3 15 y (23)  Loss: Another interesting point is the multiple minima in
(Re{Yif e al) +5a3Vie + Zashig conversion loss, as seen both analytically and experimentally.

Assuming that the nonlinear capacitance effect is properly sup-

EquatingdVis/ i, to zero, from which we obtain the LO voltagepressed, we can approximate (25) by taking off the capacitance
leads to the first minimum IF voltage shown in (24), at thgssociated terms in the following manner:

bottom of the following page. K5 is hegative so that it accounts

for the existence of the NDR regions in theV/ characteristic, N2
it can be seen by direct inspection of (24) that a greater magni- i} (Ei’io Kiaz‘+1vlé)
tude ofa; will result in lower LO voltage required to attain the Vie = Vi - N2 (25)
first minimum in the IF voltage. Mathematically speaking, the (Re{yif} +ar+30 Klai Vi
2 2
[K 1 angg} + [wifK 1 bQVI?)}
Vie = Vg 3 (21)

[Re{Yie) + a1 + K{asV2] "+ [n{¥ie) + wie(bo + K1022)]
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The maximum or the minimum IF voltage can be determined “

by differentiating (25) with respect to LO voltadg,, which

gives (26), shown at the bottom of this page. It can be proven

algebraically by expansion of (26) that the bracketed expression Bt G Tt

(rK,K! — sK_K,) of the right-hand side is always positive in

value. It follows that, if the value afVy; /dV}, is to be zero, there

will be no positive real root fol), unless the sign of; hap-

pens to be negative for somis. In the case of a QBD, the sign

of a; in the power series given in (2) can be negative for some )

4's, which result from the negative dynamic conductance's in the oo g’y %:,:), N

VI characteristic. It suffices to prove the existence of multiple ozt

minima in conversion loss in the case of the QBD. For Schottky ., Z i v B !

junctions, however, the sign of the coefficienisof their power ‘ -

series representations (as are rigidly determined by the exponen /- oo "
“f

Fig. 3 Layout of the 18-1-GHz subharmonic mixer (not to scale).

tial relationship) are positive for aji's. This means that, for a

two-tone excitation, the IF voltage in the Schottky junction can

only increase monotonically with the increase in the LO voltage. @ )

Thus, the multiple-minimum conversion-loss characteristic is

one of the unique features of the QBD that is not found in drig. 4 (a) Measured-V characteristic of QBD of 1Qum in diameter

ideal Schottky i ti (voltage-independent conductanee(.0016). (b) Measured IF power against

Ideal Schottky junc 'On_' . . . LO frequency for LO power= 0 dBm, RF frequency= 18 GHz, RF
The feature of multiple minima in conversion loss can bgower= —20 dBm.

graphically illustrated in Fig. 2(a) and (b). It can be observed

that after the first minimum in conversion loss, there exist @ ... \red—\V characteristic of the QBD of 19m in diameter

second and third minimum. The conversion losses of the secc&lﬁsed on a device featuring two 4.3-nm, AGa, cAs barriers

and third minimum are much lower than that of the first MiNZ o varated by a 5.1-nm GaAs well. By calculation, the voltage-

imum. The NDR region, coupled with the higher order nonhnl- dependent conductance was found to be 0.0016 mho. The

earities, generates subharmonic components, which effectivB st conversion loss was around 5 dB, when the LO power
image enhances the IF power, thereby minimizing the Conver-< ot around 0.8 dBm. When the LO7 power is reduced to

sion loss. around—2 dBm, the conversion loss is still less than 10 dB,
which is equivalent to the first minimum that we discussed pre-
viously. The measured IF power versus IF frequency for LO
This section presents measurements with regard to the mixigwer= 0 dBm, RF Power= —20 dBm, shown in Fig.4(b).
performance of a range of QBD’s with different device charac- Case 2: Device of 1@m in Diameter Calculated Voltage-In-
teristics taken from molecular-beam-epitaxial layer alternativedependent Conductanee 0.024 mho. Fig. 5(a) shows the mea-
The test fixture employed for this investigation was a sulsured—V characteristic of the device featuring two 1.7-nm AlAs
harmonically pumped down-converter [9], which is shown ibarriers separated by a 4.3-nm GaAs well. The device diameter
Fig. 3. This mixer was designed to down-convert an RF signalthe same as that in case 1, but the current densities are dif-
at 18-19 GHz to an IF of around 900 MHz, with the LO inputerent. Thed-V characteristic of this device differs from the one
being subharmonically driven at around 8.5-9.5 GHz. This igm case 1 in that the NDR region of this case is much further
frequency-scaled analog for a future realization at a frequenayay from the origin. The measured IF power versus LO fre-
of ten times higher. quency is shown in Fig. 5(b) for different LO powers. As can be
Case 1: Device of 1pm in Diameter Calculated Voltage-In- observed from Fig. 5(b), the device seems to be operating below
dependent Conductance: 0.0016 mho. Fig.4(a) shows the the NDR regions, where the conversion loss decreases with the

8.002 -554

I1l. M EASUREMENTS

2 90a§ (a1+Re[Yi;})
—80 (al + Re{Yif}) +1/400 (al + Re{Yif}> — 90a2 (al + Re{Yif}) N
Vi = (e4)
30@3
o0 . 27—1 o0 o0 . 7 ! 2r42s—1
v % 2041 V2 [al + Re{ Yif}} { YL Y% 2K KL — sK' K, ) agr 102,41 Vi }
av ~ Vet B) + Vi

) N2
(Re{Yie} + a1 + X% Klazi V7)) (Red¥ir} +ai + 2% Klazis Vi)

(26)
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IV. CONCLUSION

In this paper, a qualitative treatment has been given to iden-
tify the significant effect of the location of the negative dynamic
resistance regions: the voltage-independent conductance and ca-
pacitance intrinsic to a QBD on second harmonic mixing. Mea-
surements of the mixing performance based on two devices of

-0€ 04

-02 w
f‘
yf -6.0054

-0.014
u, ¢

00151

(b)

0.2

0.4

05

038

vt different current densities and layer structures have been made
volts

to validate some of our initial observations from this study. Re-
search is in progress to perform further measurements to iden-
tify the effect of the device level nonlinearities, which are re-
quired for subharmonic mixing with an optimal conversion effi-
ciency and to understanding the layer structure factors that alter
the carrier supply function. These factors, in turn, greatly affect
the nonlinear behavior of the current versus voltage character-
istic, and can be used to achieve low conversion loss with very
low levels of LO signal. This is especially appealing at submil-
limeter-wave frequencies and beyond.
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